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ABSTRACT 
World energy crisis is a definite truth, and the rising fuel price is evidence of it. Implementation of 
renewable energy to overcome the energy crisis is essential. The requirement of energy, especially 
for road transportation sector can meet through renewable energy. Biodiesel is an appropriate 
alternative of fossil diesel to run an internal combustion engine efficiently. Currently, vegetable oil 
is the predominantly accepted feedstock for biodiesel around the globe. However, it is not a feasible 
biodiesel feedstock due to its insufficient availability and potential food security issues. Current 
research work explored possible potential biodiesel feedstocks, i.e., rice mill waste, sewage sludge, 
and kitchen food waste. Appropriate lipid extraction process and transesterification method were 
developed for waste feedstocks such as rice mill waste, sewage sludge, and kitchen food waste. 
Reaction parameters of lipid extraction and transesterification were optimized through Taguchi 
optimization technique. Taguchi model improved the lipid yield by 8.5% (dry wt%) and rice bran 
methyl ester (RBME) yield by 4.3% (dry weight%) as compared to manually obtained maximum 
yield. The relevance of Taguchi model for optimization of biodiesel production was verified. Impact 
of raw material processing on biodiesel properties was established. Influence of co-solvent such as 
methyl tert butyl ether and tetrahydrofuran on transesterification of sewage sludge lipid was 
demonstrated through Taguchi generated plots. The present study also developed a closed vessel 
microwave irradiation process for rapid formation of fatty acid methyl ester (FAME) from kitchen 
food waste. Traditional transesterification process face difficulties with sample moisture content. 
But, modified microwave technique utilizes excess moisture to produce a by-product without 
interrupting the transesterification process. Significantly less energy consumption of 0.088 kWh per 
liter FAME production was measured. Maximum FAME yield of 96.89 wt% was achieved at 
microwave cell pressure: 2.2 MPa, temperature: 170 0C, reaction time: 4 min and catalyst 
concentration: 0.5 wt% with single phase blend ratio 1:6:30 (oil: co-solvent: methanol). Microwave 
irradiation method and conventional heating in combination with cosolvent-acid catalyzed 
transesterification resulted in 2.7 and 2.6 times less energy consumption, respectively than the 
conventional acid catalyzed transesterification process. Selection of appropriate co-solvent for 
modified microwave process delivered a novel transesterification byproduct glycerol tert butyl ether 
(GTBE) instead of traditional glycerol. This GTBE is a potential fuel additive that can boost ignition 
characteristics during engine analysis. Present work also developed an ultrasonic reactor for 
biodiesel production. The study introduced the reaction parameter kinematic viscosity that 
significantly eases the process and accelerates the transesterification duration maximum by 4-5 times 
for sample with free fatty acid (FFA) content greater than 7%. Ultrasonic irradiation in combination 
with co-solvent improved the reaction output (95.56%), brought down the catalyst demand and 
smoothened product separation process. The product separation is much easier and faster than the 
microwave and conventional transesterification based FAME mixture. Commercialization of this 
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method can be done effortlessly due to the simplicity of method and ability to process a wide range 
of raw material (in terms of FFA content and kinematic viscosity) with minimal modification to the 
process. Obtained breakeven price of biodiesel is found to be less than current fossil diesel cost. 
Performance and emission analysis of produced biodiesel were performed to examine the fuel 
efficiency. Engine performance and emission properties of sewage sludge-derived biodiesel (SSB) 
were assessed. Major concern behind SSB implementation is the change in fuel properties with 
geographical and seasonal variation. However, the current study established the positive aspect of 
SSB. It contains low polyunsaturated fatty acid irrespective of geography and season. Specifically, 
fewer C18:2 and C18:3 percentages studied for worldwide SSB assures the fuel of better stability, 
reduced auto-oxidation, and fewer pollutant emissions. Moreover, SSB can also blend with biodiesel 
derived from other feedstocks with higher polyunsaturated fatty acids, resulting in reduced auto-
oxidation by lowering C18:2 and C18:3 concentrations. Finally, the optimum fatty acid profile was 
prepared through dual biodiesel blend (biodiesel-biodiesel) to ensure enhanced fuel property for 
better ignition and reduced carbon monoxide (CO), hydrocarbon (HC) and nitrogen oxide (NOx) 
emissions. GTBE, the by-product of modified microwave irradiation process was used to prepare 
blend with biodiesel (GTBE-biodiesel blend). GTBE-biodiesel blend in combination with modified 
injection pressure resulted with higher brake thermal efficiency than fossil diesel and reported a 
maximum, 10.5% and 20% reduction in NOx and CO emission, respectively. GTBE as a fuel 
additive is economical as well as environmentally friendly as it is prepared from the dissociation of 
methyl term butyl ether, i.e., potentially hazardous to dispose of and banned by some countries. 
Multi-objective optimization on the basis of ratio analysis method (MOORA) was used to optimize 
fatty acid profile, GTBE-biodiesel blend proportion and injection pressure for improved engine 
performance and reduced emission. 
Keywords: biodiesel production; co-solvent; engine performance; GTBE; microwave 
irradiation; optimization; single phase blend; ultrasonic irradiation. 
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1 CHAPTER 1: INTRODUCTION 
1.1 Background and Motivation 
Energy is a vital issue for mankind to maintain economic development and continue high 
living standard. World energy market is mostly dependent on fossil fuels. Studies reported 
that the highest fossil fuel extraction will take place in 2020. As per World Energy Council 
(WEC), in 2040 there will be a rise in the ratio of diesel demand to gasoline demand from 
1.5 to 3.8 (World Energy Council 2011). Fossil fuel will be depleted in less than 45 years if 
continue to extract in this rate (British petroleum 2010). There is an urgent need to embark 
on an initiative to find alternative energy sources for satisfying increasing petroleum 
demand. Current study region, India is the second largest populated country and world’s 
fourth largest petroleum importer. It imports 9% of total worldwide fossil fuel (Central 
intelligence agency 2016). India has its share of 4.5% renewable consumption by the end of 
2017 (British petroleum 2018). Fig. 1.1, depicts the oil production and consumption 
between 1965 to 2017. This figure shows a gradual increase in production and consumption 
of fossil fuel year by year. Proved oil reserves between 1981 and 2017 is shown in Fig. 1.2 
(British petroleum 2018). The proven oil reserves are now in decreasing verge 2014 
onwards. 
Again, an increase in environmental pollution from combustion of petroleum fuel has 
attracted researchers towards energy reform. Rapid depletion of fossil fuel, mounting oil 
market prices, growing energy demand and intensifying air pollution worldwide have 
insisted researchers to investigate renewable energy source that can be feasible substitutes 
for internal combustion (IC) engine powering (Arazo et al. 2017; Lee and Lee 2017). 
Moreover, burning of fossil fuel is the prime contributor in climate change, acid rain, and 
formation of smog due to very high carbon dioxide (CO2), nitrogen oxide (NOx), particulate 
matters and hydrocarbons (HC) emissions. It is also projected that by 2030, carbon dioxide 
emission will increase up to 40 thousand billion kg (Atabani et al. 2011). Study region India 
measured a record increase of 4.7% greenhouse gas (GHG) in the year 2016. However, the 
United States and China recorded 2% and 0.7% reduction in GHG emission, respectively 
during 2016 (British petroleum 2018). This is due to the elevating use of renewable energy 
in those states. Fig. 1.3 provides an idea about the growth rate of renewable energy 
consumption in 2017. It displays a positive aspect of energy transformation, i.e., towards 
the renewable energy sources. In order to replace fossil fuels, maximum growth in biofuel 
2 
  
  
production was recorded in China in 2017 (British petroleum 2018). The GHG reduction of 
57% is expected by increasing biodiesel production up to 16.4 billion liters. Dropping fossil 
fuels reserves alongside acknowledgment that climate change is stemmed by mounting CO2 
emissions has enforced in encouraging biodiesel as a replacement of fossil diesel.  . 
 
Fig. 1.1 Total oil production and consumption between 1965 and 2017  
Source: (British petroleum 2018) 
 
Fig. 1.2 proved oil reserves between 1981 and 2017  
Source: (British petroleum 2018) 
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Fig. 1.3 Growth rate of renewable energy consumption and biofuel production worldwide during 
2016-17  
Source: (British petroleum 2018) 
First generation biofuel has a low calorific value that insisted researchers towards second-
generation biofuels. Biofuels produced from inedible crops such as wood, organic waste, 
waste food, and specific biomass crops are categorized under second-generation biofuel. No 
food security issue is associated with second-generation biofuel. Net energy gain is high. 
Third generation biofuel is produced from algae. Algae are cultured in land and unusable 
water (Lam and Lee 2013). Its production cost is low, high energy source and completely 
renewable in nature. Preciseness requires to handle the overall process. Fuel from algae can 
be used with diesel, petrol, and jet fuel. Fourth generation biofuel not only aimed for energy 
production but also designed to capture and store CO2. The biomass materials used to absorb 
CO2 while growing and then after produce biofuel following the second generation biofuel 
production method. First and second generation biofuel is most popular around the globe.   
The existing petroleum fuel will be insufficient to fulfill the energy requirement by 2023 
(Central intelligence agency 2016). At such an emergency, the initiative must be taken to 
explore alternate energy sources. Biodiesel is currently trending in the list of alternate fuel. 
This is a typical biofuel. Biodiesel (fatty acid alkyl ester) is a fuel prepared from geological 
recent carbon fixation. It is a promising alternative to fossil fuel in terms of plentiful 
availability as it can be derived from a huge number of raw materials. Biodiesel is also called 
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fatty acid methyl ester (FAME). It can be produced from edible oils, jatropha, sewage 
sludge, waste cooking oil and many non-edible feedstocks (Urrutia et al. 2016). Biodiesel 
is biodegradable, generates fewer greenhouse gas emission, less toxic, compatible with IC 
engine and has blending ability with fossil diesel (Eevera et al. 2014; Siddiquee et al. 2011; 
Willson et al. 2010). Recently, edible oil is a prime source of biodiesel. Hence, it is very 
high in cost. Sewage sludge, rice mill waste, and waste cooking oil are low-cost biodiesel 
raw material due to easy and plentiful availability as well as negligible production cost. 
Kitchen food waste also has high lipid content and greatly available raw material for 
biodiesel production (Barik and Paul 2016; Priyadarshi and Paul 2017a). Edible oil-based 
biodiesel is currently in use in counties like Germany, United States of America (USA), 
Brazil, China, Malaysia, Italy, and European nations. Waste cooking oil, palm oil, jatropha 
are the established biodieselfeedstocks in China, South Asia region and India, respectively. 
The worldwide biofuel production growth rate is shown in Fig. 1.3. Apart from the current 
study region India almost all countries recorded a hike in biofuel production. India measured 
19.9% drop in biofuel production during 2016-17. At the same time, India has 19.7% higher 
consumption of renewable energy in the year 2017. In terms of renewable energy 
consumption growth, India stands second in the world after China with 31.1% growth rate 
(British Petroleum (BP) 2018). India contributes only 0.5% of world biofuel, whereas, 
China, US, and Brazil produce 2.6%, 43.9%, and 22% biofuels, respectively. Countries rich 
in renewable energy production are economically sound. Biodiesel is a better alternative to 
fossil diesel in terms of emission profile as it has almost zero sulfate emission, fewer carbon 
monoxide, and hydrocarbon emission, and very low smoke emissions. However, a small 
reduction in performance has been reported by researchers.    
1.2 Problem Statement 
Yearly diesel consumption in India can increase up to 150 billion liters in 2030 from 90 
billion liters. India is eyeing to reduce the oil imports by 10% in 2022 and targets to increase 
use of biodiesel. The growing fuel crisis and limited vegetable oil-based biodiesel attracting 
researchers towards the search of new alternatives. Among alternative diesel fuels, biodiesel 
has similar physicochemical properties to petroleum diesel, high oxygen content, and rich 
in resources. Therefore, it is a potential candidate for fossil diesel substitute fuel.  
However, commercialization of biodiesel is a huge challenge in developing county like 
India. It may be due to lack of land for biodiesel feedstock cultivation and insufficient 
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knowledge about its benefits in society. Currently, vegetable oil is the only source of 
biodiesel available in the market. But in developing countries, plantation of biodiesel 
feedstock may cause food security issue. Use of edible oil for the biodiesel industry can 
raise the edible oil price dramatically and may cause serious environmental problems due 
to deforestation. Vegetable oil tree plantation, protection, harvesting, and oil extraction costs 
considerably high and hence, biodiesel from these feedstocks have an excess market price. 
Also, availability of seed for oil extraction is limited. Therefore, less amount of oil 
production and high processing cost are major drawback for its commercialization 
(Olkiewicz et al. 2016). This is not sufficient to fulfill a large requirement of energy. The 
search for low-cost raw materials has focused on alternative feedstocks like animal fat 
(Wallis et al. 2017; Nelson and Schorock 2006), waste cooking oil (Yu et al. 2002; Bhuiya 
et al. 2016) and sewage sludge (Olkiewicz et al. 2016; Capodaglio et al. 2017; Kwon et al. 
2012). Waste feedstock such as sewage sludge, waste cooking oil are inexpensive alternative 
sources. They are yet to commercialize due to issues with feasibility in the production 
process and engine performance. Variation in waste material properties with respect to 
geography and season is another challenge to maintain uniformity in performance.  
Recently, microwave irradiation technique gains popularity due to its fast reaction and low 
energy consumption. Unlike a supercritical method, microwave transesterification demands 
internal mixing of samples as it has restricted access to a higher depth that may not achieve 
uniform heating in the reaction mixture. Therefore, some modifications and additional 
arrangements needs to be done by researchers to meet better FAME yield. 
Electric vehicles are another substitute for diesel-run vehicles. They are environment-
friendly with a huge capacity to counter the GHGs emission issue but presently very costly 
and nearly unaffordable for a large group of society (Rachael et al. 2015). Adopting electric 
vehicle is neither a feasible method nor a permanent solution to replace internal combustion 
engine run vehicles.   
Biodiesel from inedible source require developed and less complicate production method. 
Acid value and moisture content of raw material create complication during the 
transesterification process. Kinematic viscosity and density of biodiesel causes difficulties 
during injection of fuel and hence, a setback in rich performance. More feasible production 
technology, ease in production process, utilization of locally available waste sources for 
biodiesel production can encourage and educate people to adopt biodiesel. Waste sources 
like sewage sludge, and kitchen food waste are rich sources of lipid and widely available in 
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localities. However, their variation in fatty acid profile is a setback to bring uniformity 
during engine performance. Research need to develop possible ways for its 
commercialization.  
Less efficient performance of biodiesel in an internal combustion engine is another setback. 
Suitable engine modification may boost biodiesel performance considerably. Emission of 
relatively higher nitrogen oxides (NOx) by biodiesel is a major drawback. Proper blends 
(biodiesel-fuel additive), adjustment of fatty acid profile and utilization of appropriate fuel 
additive may contribute in reducing the NOx yield.  
1.3 Objectives of the Research 
This research program has been pursued with the following principal aims:  
(1) To explore waste materials as the potential biodiesel feedstock. 
(2) To optimize the biodiesel production parameters for fast and energy efficient 
transesterification.  
(3) To develop a process in overcoming problems arising from presence of sample 
moisture content during transesterification.  
(4) To develop a method for the production of biodiesel using wide range of raw 
material irrespective of their acid value and viscosity. 
(5) To obtain potential paths for the commercialization of waste feedstocks with 
varying fatty acid profiles. 
(6) Explore the possible ways to attain enhanced thermal efficiency and reduced 
nitrogen oxide emission, simultaneously.  
1.4 Organization of Dissertation 
This dissertation is fabricated of five chapters. The organization of the chapters is listed as 
follows: A brief summary on the steps of current work is given in Fig. 1.4.  
Chapter 1 presents a summary of the research focus. It provides information regarding the 
importance of energy, needs of renewable energy, adverse effects of petroleum fuel, climate 
change, unstable and rising fossil fuel price, depletion of natural energy sources and 
advantages biodiesel to be suitable replacement for existing world energy crisis. This section 
also addressed the possible barriers in the commercialization of biodiesel and specified the 
objectives of the current research. 
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Chapter 2 supplies an outline of global energy production, consumption and emissions 
trends. Discussing the advantages and drawbacks of biodiesel followed by discussing 
biodiesel feedstocks, biodiesel production processes, standards followed for biodiesel 
characterization, biodiesel physic-chemical standards, the impact of fatty acid on biodiesel 
properties, the role of optimization techniques in biodiesel production and engine analysis 
and performance, emissions of an engine fuelled with biodiesel. 
 
Chapter 3 explains the developed biodiesel production technologies during the current 
study. It consists of an introduction to the work, the methodology followed raw material 
processing, results, and discussions and finally concluding the research. This chapter has 
four sub-sections that deliver novel biodiesel production methods and also introduced 
possible cost effective and lipid-rich biodiesel feedstocks. Section 3.1 presents two 
differently processed rice and their efficiency as feedstock and Taguchi optimization were 
applied to maximize the production, check the accuracy of the followed method and 
minimize the labor. Workability of the Taguchi method for the biodiesel production sector 
was also verified.  Section 3.2 provides an overall idea regarding the novelty of co-solvents, 
demonstrated the modification in the transesterification process with the introduction of co-
solvent through Taguchi optimization and benefits in energy consumption with optimized 
parameters. Section 3.3 describes a closed vessel microwave irradiation method for 
biodiesel production from high free fatty acid raw content feedstocks. Comparisons of 
energy consumption during microwave process and conventional transesterification process 
were performed. Section 3.4 introduces ultrasonic irradiation set up for biodiesel 
production. A universal biodiesel production method was developed for low, moderate and 
high FFA oil/lipid sample with minimum modification in process. Break-even price for 
produced biodiesel was determined. This ultrasonic transesterification technology can be 
used for low as well as high scale biodiesel production. 
 
Chapter 4 presents the engine performance, and emissions of produced biodiesel, i.e., 
sewage sludge-derived biodiesel and blends. The impact of fuel additive and engine 
modification on engine performance and emissions were also detailed in this section. Engine 
performance and emissions were also analyzed by varying the fatty acid composition of 
biodiesel to find the best possible combination. A cost-effective fuel additive-biodiesel 
blend was examined. Taguchi optimization in combination with Multi-Objective 
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Optimization on the basis of Ratio Analysis (MOORA) method was applied to obtain the 
optimized parameters for improved performance and reduced nitrogen oxide emissions.  
 
Chapter 5 highlights the contribution of the present dissertation. Recommendations for the 
future studies and limitation of current work were provided. 
 
Fig. 1.4 Flow chart of the research outline  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Characterisation of feedstocks 
Biodiesel production with different 
technology 
Optimizing biodiesel production parameters 
Engine performance, combustion and emission analysis 
of produced biodiesel 
Selection of biodiesel feedstocks 
Impact of fatty acid profile and fuel additive on engine analysis 
Biodiesel properties determination 
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2 CHAPTER 2: LITERATURE REVIEWS 
2.1 Introduction 
Biodiesel production process includes extraction, neutralization, transesterification, and 
purification (Zhang et al. 2003; Kargbo 2010). Steps of biodiesel production process from 
waste material is shown in Fig. 2.1. It is derived from a renewable, domestic resource, 
thereby relieving reliance on petroleum fuel imports. This chapter reviews major 
publications and reports related to the scenario of current energy market, biodiesel 
production, and engine analysis. Fatty acid structure, influence of individual fatty acids on 
biodiesel properties are detailed. This section also describes the standard methods followed 
for biodiesel characterization, biodiesel specification by counties, key biodiesel properties, 
their reason and causes. Standard equipment for biodiesel analysis are listed. This chapter 
will deliver perception and understanding of the subject and related concerns. The review 
also states the challenges confronted in biodiesel research.  
 
Fig. 2.1 Waste material to biodiesel production process 
Oil is likely to stay as the major source of energy for transportation sector and industries. It 
is estimated that the fossil fuel consumption will rise considerably in recent future (Fig. 2.2). 
Globally, 70 % of oil consumption is dedicated to industries. Transportation sector stands 
second and 80% of it is used for road transport. Nearly 97.6% fossil fuel consumption 
account to transportation sector and a little amount delivered from natural gas. Around three 
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quarters rise in oil demand is expected between 2006 and 2030 from this sector (U.S Energy 
Information Administration, 2010). However, the estimation depicts that the industries are 
less dependent on fossil source in near future. Estimated rise in world oil consumption for 
transportation sector between 2007 and 2035 are depicted in Fig. 2.2.  
U.S Energy Information Administration expects a cut of 5% in oil consumption by 2035. 
This will be reimbursed by the evolving renewable energy sources. A rise of 4% in 
production of renewable energies are estimated by 2035 (Fig. 2.3). Fig. 2.3 also shows the 
breakdown of world energy consumption between 2007 and 2035. Renewable energy is the 
most suitable alternative to strengthen oil market with the increase in road transport sector 
size (Fig. 2.2). At present, yearly increase of 3% in fossil fuel consumption has been 
observed. This is enough to evacuate remaining fossil fuel in less than 45 years (British 
petroleum 2010).  
 
 Fig. 2.2 World oil consumption in transportation sectors and total world oil consumption (GJ) 
between 2007 and 2035  
Source: (U.S Energy Information Administration, 2010) 
2.2 Biodiesel Feedstocks 
Recently biodiesel has engrossed consideration as renewable energy with limited pollutant 
emissions than fossil fuel (Chen et al. 2013). Blending ability with mineral-derived fuel, and 
lubricating property of biodiesel can improve the engine life (Azeem et al. 2016). However, 
feedstock (vegetable oil) budget is a major obstacle for the commercialization of biodiesel. 
This convincingly affects the final cost of biodiesel (Olkiewicz et al. 2016; Mondala et al. 
2009; Kwon et al. 2012). Vegetable oil, rapeseed oil, and other edible oil as raw material 
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can also be threat to food security for developing country like India. The availability of 
feedstock for producing biodiesel depends on the regional climate, geographical locations, 
local soil conditions and agricultural practices of any country. 
 
Fig. 2.3 World energy consumption breakdown in the year 2007 and 2035  
Source: (U.S Energy Information Administration 2010) 
It is essential to consider few factors when comparing various raw materials. Raw materials 
must be evaluated on the basis of full life-cycle assessment. This assessment includes  
 Land availability 
 Cultivation practices  
 Energy supply and balance 
 Greenhouse gas emission 
 Pesticides used 
 Soil erosion and fertility 
 Contribution to biodiversity value losses 
 Transport and storage cost 
 Direct economic cost of the raw material deducting co-product value 
 Employment creation 
 Water requirements and availability 
 Effects of raw material on air quality 
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The oil percentage and the yield per unit area are important parameters that should be taken 
into consideration. Table 2.1 is providing data regarding the oil contents of various 
feedstocks.  
Presently, edible vegetable oils are the prime sources of biodiesel. Some countries are 
dependent on vegetable-based biodiesel, i.e., soybean oil in the US, rapeseed and sunflower 
seed oils in Europe, palm oil in Southeast Asia and coconut oil in the Philippines 
(Murugesan et al. 2008). Indian biodiesel market is mostly reliant on jatropha. Currently, 
more than 95% of the world biodiesel is produced from edible oils such as rapeseed (84%), 
sunflower oil (13%), palm oil (1%), soybean oil and others (2%). However, their use raises 
many concerns such as food versus fuel crisis and major environmental problems such as 
serious destruction of vital soil resources, deforestation and usage of much of the available 
arable land. Moreover, in the last ten years the prices of vegetable oil plants have increased 
dramatically which will affect the economic viability of biodiesel industry (Balat and Balat 
2010). Vegetable oil as a feedstock demands 70% of biodiesel production cost, only for raw 
material processing, i.e., from the plantation of seed to crude oil extraction. The high raw 
material cost enhances the final price of biodiesel (Kwon et al. 2012; Mofijur et al. 2015; 
Mondala et al. 2009; Olkiewicz et al. 2016). Rice mill waste and sewage sludge as raw 
materials can provide sufficient energy as well as sharp reduction in biodiesel production 
cost (Olkiewicz et al. 2016; Shiu et al. 2010). Asian countries have relatively higher 
dependability on palm oil-based biodiesel. It exhibits poor cold weather properties with cold 
flow plugging point (CFPP) nearly 19 0C (Eevera et al. 2014). This acts as a barrier for 
commercialization of POME (palm oil methyl ester) in cold countries and especially, during 
cold season worldwide. 
Initially, biodiesel was produced from oil-based feedstocks such as palm, soybean, rice bran, 
rapeseed, jatropha and sunflower oil. The elevated raw material prices, scarcity of 
agricultural lands and increasing food prices appear as a barrier to the quantum production 
of biodiesel (Mondala et al. 2015). Fuel production from lignocellulosic raw materials like 
inedible crops and agriculture-based wastes were initiated. Insufficient land and possible 
pollution from the intensified use of fertilizers and pesticides in biomass plantations set the 
barrier for its wide use (Bhaskar et al. 2011).  
Development of non-edible oilseed as alternative biodiesel feedstock in the transportation 
sector is critical towards achieving higher self-reliance energy security. This situation offers 
a challenge as well as an opportunity to look for replacement of fossil fuels for both 
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economic and environmental benefits. Under the existing situation of non-edible oils being 
of forest origin, the problems encountered are  
 Collection from scattered locations, high dormancy and problems in picking and 
harvesting in avenue and forest plantations. 
 Non-availability of quality planting material or seed, limited period of availability, 
unreliable and improper marketing channels. 
 Lack of post-harvest technologies and their processing, non-remunerative prices, wide 
gap between potential and actual production, absence of state incentives promoting bio-
diesel as fuel, and economics and cost-benefit ratio. 
The search for low-cost raw materials has focused towards alternative feedstocks like animal 
fat, kitchen food waste (Priyadarshi and Paul 2018b) and sewage sludge (Dufreche et al. 
2007; Olkiewicz et al. 2016). Recently, biodiesel from waste like sewage sludge and waste 
cooking oil gaining popularity due to its high fatty acid contents (Kumar et al. 2016; Tan et 
al. 2017). 
With urbanization, there is rapid growth and demand for wastewater treatment, and hence, 
production of domestic sewage sludge (DSS) increases. Because of its high-water content, 
metallic species and micro-organisms, disposal of domestic sewage sludge has become a 
serious environmental threat. Disposal of domestic sewage from cities and towns can be the 
biggest source of sludge production in India. There are about 816 sewage treatment plants 
(STP) in India of which only 522 are operational (CPCB 2015).  Sewage sludge can be an 
alternative non-edible, easily available and cost-effective feedstock that has the potential to 
produce biodiesel economically (Kwon et al. 2012). Sludge  is a by-product of  wastewater 
treatment (Knothe 2006; Kwon et al. 2012; Revellame et al. 2010). More than 20 million 
tons of dry sludge is produced worldwide every year (Melero et al. 2015). It is expected to 
increase in the near future due to rapid urbanization and industrialization (Melero et al. 
2015).  
Table 2.1 Popular biodiesel feedstocks with oil contents (%). 
Edible Oils (%) Non-edible oils Animal Fats Other Sources 
Soybeans oil (15-20) Jatropha (50-60) Lard  Bacteria  
Rapeseed oil (38-46) Cotton seed oil (18-25) Chicken fat Algae  (Cyanobacteria) 
Peanut oil (45-55) 
Pongamia (Pongamia 
pinnata) (30-40) Poultry Fat 
Microalgae (30-50) 
(Chlorellavulgaris) 
Rice bran oil (15-23) Camelina Sativa (40-45) Beef tallow Tarpenes  
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Palm oil (30-60) 
rubber seed tree (Hevca 
brasiliensis) (40-50) Fish oil Fungi 
Sesame oil  Salmon oil (16-18)  Sewage sludge (25-30) 
Groundnut  
Calophyllum inophyllum 
(65)  Waste cooking oil  
Sorghum  Croton megalocarpus   
Sunﬂower oil (Helianthus 
annuus) (25-35) 
Azadirachta indica (Neem) 
(20-30)   
Corn (48) Mahua (Madhuca indica)   
Coconut oil (63-65) 
Moringa (Moringa oleifera) 
(40)   
Canola oil 
Coffee ground (Coffea 
arabica)   
Sources: (Atabani et al. 2012; Balakrishnan et al. 2015; Ramos et al. 2009; Nelson and Schorock 2006) 
 
Its incineration results in emissions containing dioxins and metals (Siddiquee and Rohani 
2011). In the same way, the use of the sludge for production of compost and fertilizers is 
restricted in many countries because of the presence of metals (Smith 2009) and residual 
pharmaceuticals (Melero et al. 2015; Motoyama et al. 2011). Therefore, there is a need to 
identify sustainable solutions for the utilization of sewage sludge. In this context, the 
exploitation of sewage sludge for biodiesel production is a promising alternative that would 
also account as waste valorization (Mondala et al. 2009), solving at the same time energy 
and environmental concerns. The SSB production follows lipid extraction and 
transesterification of lipids. Sludge based lipid are usually high in FFA as tested in the 
laboratory. Successful biodiesel feedstocks are given in Table 2.1. Advantages and 
disadvantages of biodiesel from an edible oil, inedible oil, sewage sludge, and waste cooking 
oil are presented in Fig. 2.4. 
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Fig. 2.4 Efficient waste materials as biodiesel feedstock 
Table 2.2 Advantages and drawbacks of various biodiesel feedstocks. 
Raw material  Advantages  Drawbacks 
Edible vegetable 
oil 
 Hassel free transesterification 
process. 
 High FAME conversion 
efficiency. 
 Biodiesel properties are similar 
to fossil diesel. 
 High production cost 
 Involve several steps, i.e., tree 
plantation, protection, 
harvesting, oil extraction, and 
transesterification 
Sewage sludge 
Rice mill waste Waste cooking oil 
Kitchen food waste 
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 May cause significant price rise 
of respective oils. 
 Threat to the food security of the 
country. 
 Need proper water supply to 
cultivation land and may create 
water scarcity. 
 Usually high iodine value for 
soybean oil (128 g I2/100 g), 
sunflower oil (132 g I2/100 g), 
peanut oil (99 g I2/100 g), corn 
oil (101 g I2/100 g) (except olive 
oil) that causes higher NOx 
yield. 
Inedible vegetable 
oil 
 Hassel free transesterification 
process. 
 High FAME conversion 
efficiency. 
 Biodiesel properties are similar 
to fossil diesel. 
 Potential to restore degraded 
land and creates employment 
opportunity. 
 Trees can survive at low as 
well as excess rainfall region.  
 Do not add price rise of oils as 
it is derived from non-edible 
oil.  
 Seed cakes after oil extraction 
can be used as fertilizers. 
 High production cost. 
 Involve several steps, i.e., tree 
plantation, protection, 
harvesting, oil extraction, and 
transesterification. 
 Insufficient availability of raw 
materials. 
 Threat to the food security of the 
country. 
 Improper marketing opportunity.  
 Other than palm oil rest displays 
high iodine value. 
Waste cooking oil 
(WCO) 
 High FAME conversion 
efficiency under the 
application of the acid catalyst. 
 Negligible raw material cost.  
 Fuel properties are similar to 
diesel. 
 Properties may vary significantly 
depending on the oil used. 
 The cost for disposing waste 
cooking oil is quite 
significant. 
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 No food security issue 
 
 The high free fatty acid content 
of WCO creates problems during 
transesterification. 
 Needs filtration and moisture 
removal prior to 
transesterification. 
  Improper marketing 
opportunity. 
Sewage sludge  Rich source of lipid. 
 Irrespective of location usually 
have low polyunsaturated fatty 
acid content and hence, better 
oxidative stability. 
 Negligible raw material cost.  
 Plentiful availability. 
 Decent fuel properties. 
 Relatively low breakeven price 
than vegetable oil-based 
biodiesel. 
 Pre-processing step is 
complicated. 
 Pre-processing cost is 60-70% of 
total production cost. 
 Fatty acid profile varies from 
time to time (But PUFA content 
is seen low throughout).  
Algae  High lipid content. Biodiesel 
conversion rate is nearly 
100%. 
 Algae biodiesel has higher 
oxidative stability due to fewer 
C18:3 fatty acid content and 
high C18:1 and C16:0 
concentration. 
 Moderate breakeven price. 
 It consumes a high percentage 
of CO2 during the production.  
 
 Algae are little photosynthesis 
reactors. Poor photosynthesis 
during the night with a tiny part 
of absorbed solar energy results 
slow lipid formation. 
 Algae uses more water than land 
crops. Gasoline and oil use 2 
litres and 6.6-litre water per liter 
production whereas; water pond 
system utilizes 3650 liters of 
water per liter algae biofuel 
generation. 
 Even the available wastewater 
would be insufficient to satisfy 
its demand. 
 Need high concentration of 
nitrogen and phosphorus.  
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 Production in a large land can 
alter local climate by increasing 
humidity and reducing the 
temperature. 
 Reviews concluded that the 
Energy Returned on Investment 
(EROEI) is too low and 
sometimes negative 
Sources: (Omidvarborna et al. 2015; Hoekman and Robbins 2012; Ramos et al. 2009; Mondala et al. 2009; 
Atabani et al. 2012; Atabani et al. 2013;  Prafulla et al. 2010) 
2.3 Biodiesel production technology 
Biodiesel can be produced by these four processes. 1) Pyrolysis 2) Micro-emulsion 
(vigorous mixing) 3) Transesterification and 4) Supercritical methanol. The advantages and 
disadvantages of all the above-stated process are given in Table 2.3. Among them, 
transesterification is the most popular and widely adopted method for biodiesel production. 
Due to the involvement of esterification of esters, the process is named transesterification. 
Reaction mechanism of transesterification is shown in Fig. 2.5. Typical lipid contain fatty 
acid esters, and these esters were further esterified to produce biodiesel or fatty acid alkyl 
esters. Transesterification of lipid/oil can be performed using an alkaline catalyst such as 
sodium hydroxide or potassium hydroxide (Urrutia et al. 2016; Patle et al. 2014), acid 
catalysts like sulfuric acid or hydrochloric acid (Patil P. D. 2012) and BIOX techniques with 
the use of cosolvent (Choi et al. 2014). Catalyst significantly contributes to biodiesel 
production. Both alkali and acid catalyzed transesterification are well-established methods.  
Alkali catalyst method is less time consuming and suitable for lipid or oil with low free fatty 
acid (<3%) content. When the feedstock contains a significant amount of FFA (free fatty 
acid), saponification occurs due to undesirable reaction between FFA and the alkali catalyst. 
This deactivates the catalyst and leads to soap formation. Another shortcoming of the alkali-
catalyzed transesterification process is its sensitivity to the presence of water which can 
hydrolyze triglycerides to form diglycerides and FFA (Farobie and Matsumura 2017). Acid 
catalyst performs better for the sample with high free fatty acid. The acid catalyzed 
transesterification mechanism were detailed in Fig. 2.6. However, this method is highly time 
and energy consuming. It is always advisable to perform the reaction close to the boiling 
point of methanol because of proper miscibility of methanol with lipid. 
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Fig. 2.5 Transesterification reaction mechanism 
Enzyme catalysts transesterification is preferred because, it cancels soap formation. Hence 
minimum concern of purification, washing, and neutralization. This process have shown 
better tolerance for high FFA content of the raw materials. It can convert more than 90% of 
oil/lipid into biodiesel. First glycerides are converted into FFA. Then the FFA and methanol 
are esterified to FAME. Enzymes are well-known to have a tendency to act on long-chain 
fatty alcohols better than on short-chain once. Therefore, the efficiency of the 
transesterification of triglycerides with ethanol is higher compared to that with methanol in 
systems with or without a solvent. In this reaction, there is no need for complex operations 
for the recovery of glycerol and the elimination of catalyst and soap. However, the reaction 
yields and the reaction times are still unfavorable compared to the alkaline catalysts. 
Moreover, lipases are very expensive for large scale industrial production and they are 
unable to provide the degree of reaction completion required to meet ASTM fuel 
specifications. Recently, it has been found that the use of solvent-tolerant lipases, multiple 
enzymes and immobilized lipases-making catalysts can be developed as cost-effective 
enzymes (Balat and Balat, 2010; Singh and Singh 2010). The mechanism of the reaction 
can be found in Ref (Atabani et al. 2012, 2013). In general, chemically catalyzed processes, 
including alkali catalyzed and acid catalyzed ones have been proved to be more practical 
than the enzyme catalyzed process (Karmakar et al. 2010). 
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Fig. 2.6 Reaction mechanism for acid catalyzed transesterification of triglycerides 
 
Reaction rate increases with increasing that further enhances solubility of methanol in the 
oil-rich phase. Higher reaction temperature results in shorter reaction time in mass transfer 
controlled reaction because transesterification reaction is more preferred at a higher 
temperature (Noureddini and Zhu 1997). Usually, the transesterification should be 
performed below the boiling point in order to prevent evaporation of methanol. Kusdiana 
and Saka (2004) also reported that in a supercritical state, methanol acts as an acid catalyst 
in transesterification reaction (Kusdiana and Saka 2004). Temperature increases the energy 
of the reacting molecule and also improves the miscibility of alcoholic polar media into a 
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non-polar oily phase with a much faster reaction (Ogbu and Ajiw 2013).  Researchers 
studied different catalysts and techniques followed by various instruments for less hectic 
biodiesel production. 
Base catalyst doesn’t perform efficient for lipid and oil with high FFA. Acid catalyst is a 
better option but highly time-consuming process (Roosta and Sabzpooshan 2016). BIOX 
method is another hassle free transesterification process. BIOX method was established by 
Boocock (Boocock et al. 1996; Wu et al. 2017). This method carried out with the help of a 
co-solvent that promotes the solubility of the oil phase in methanol. Generally, it doesn’t 
require the involvement of an acid/base catalyst. Hence, less difficult in purification of 
FAME. Cosolvent found effective in reduction of mass transfer resistance by forming single 
phase mixture (Boocock et al. 1996). Recently, cosolvent based acid catalyzed 
transesterification getting the recognition due to its easy and fast conversion of a high 
percentage of FFA into methyl esters (Rahimi et al 2016; Lam and Lee 2010). Cosolvents 
such as methyl tert butyl ether (MTBE), tetrahydrofuran can speed up the transesterification 
(Gerpen 2004). 
Choi et al. (2014) suggested the use of xylene as a cosolvent for in-situ transesterification 
of wet sludge to maximize FAME conversion up to 81.9 %. It requires very high temperature 
(105 0C) to operate (Choi et al. 2014). Transesterification in higher temperature can increase 
the power consumption and cost of production. Introduction of cosolvent in algae-derived 
lipid attained an efficient conversion of 97% of FAME (Wu et al. 2017). A large amount of 
catalyst may increase the production cost as well as create a problem during separation. 
Cosolvents are recoverable and can be used for nearly 40 cycles (Choi et al. 2014). Table 
2.4 summarizes various aspects of different biodiesel production technologies.  
Other than catalyst and cosolvent, the adoption of modern equipment has a significant 
impact on the transesterification process. Various techniques for FAME production, 
comprising magnetic stirring (conventional heating), supercritical alcohol, and microwave 
irradiation methods have been developed and modified for improved FAME yield (Rabelo 
et al. 2015; Roy et al. 2014; Taher et al. 2014). Another excellent alternative is supercritical 
biodiesel production. It is an advantageous method as it does not require a catalyst. The 
supercritical process has higher reaction rate as triglycerides transesterification, and FFA 
esterification occurs simultaneously (Farobie and Matsumura 2017). The high temperature 
and pressure condition improve the FAME yield dramatically (Kusdiana and Saka 2004). 
Glisic and Orlovic (2010) categorized phase transition of supercritical methanolysis into 
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three regimes, i.e., the first regime appears below 170 0C and 1.5 MPa, the second regime 
between 170-220 0C and 1.5-5.0 MPa and third regime above 220 0C and 5.0 MPa (Glisic 
and Skala 2010). At high temperature and pressure, the free monomers of methanol attack 
the carbon atom of triglycerides to produce FAME (Kusdiana and Saka 2004). Glicis and 
orlovic (2012) reported subcritical methanolysis process for biodiesel production in 
relatively low temperature-pressure condition (temperature: 170-2200C; pressure: 1.5-5.0 
MPa) (Glisic and Orlovic 2012). Immiscibility of oil in methanol phase at the beginning of 
subcritical reaction lowers the rate of reaction. Once triglycerides (TG) converted into di-
glycerides (DG), the solubility of the reaction mixture increases and boosts reaction rate 
(Glisic and Skala 2010; Glisic and Orlovic 2012). 
Microwave heating is an established strategy to accelerate FAME production (Rabelo et al. 
2015; Rahimi et al. 2016; Tangy et al. 2017; Gude et al. 2013). Microwave irradiation 
method is efficient to reach and maintain the reaction temperature with minimum utilization 
of energy (Tangy et al. 2017). The absorbed microwave is used for managing the required 
temperature. Patil et al. (2010) reported that conventional heating consumes 23 times greater 
energy than microwave method (Patil et al. 2010). Microwave irradiation creates friction 
between molecules that generates heat energy (Gude et al. 2013). Most importantly, the 
microwave heating pattern is different from the water bath or mechanical stirrer heating that 
favors fast reaction. Tangy et al. (2017) reported the microwave irradiation is a rapid and 
easy process to produce biodiesel (Tangy et al. 2017). However, selection of suitable 
transesterification time is needed to ensure completion of reaction as it is a reversible 
reaction. Rahimi et al. (2016) had used distinct four-way micromixers to produce biodiesel 
from soybean oil. Hexane was added to avoid the mass transfer issue during 
transesterification. Response surface method followed by central composite design (CCD) 
was used to optimize the production process. The reaction temperature, time, oil/methanol 
ratio, hexane/methanol ratio, and mixer configuration were the prime parameters. Estimated 
maximum FAME of 97.67% was found by model prediction. The experimental yield of 
98.8% of FAME was achieved through this method (Rahimi et al., 2016). A resonant 
focusing cavity microwave coupled with a CSTR system was used to perform the 
transesterification of Chinese tallow tree seeds by Goudarzi et al. (2017).  
CSTR residence time: 24 min; methanol/hexane/Chinese tallow tree seed mass ratio: 
47.5:39.3:20; microwave power: 290 W; and reaction temperature: 600C; catalyst: 4 g 
sodium hydroxide per 100 g oil produced maximum 90 % FAME (Goudarzi et al., 2017). 
Choedkiatsakul et al. (2015) had used commercial Flow Synth microwave reactor to 
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produce biodiesel from palm oil by the continuous transesterification method. As little as 
1.75 min residence time at a microwave power: 400 W, reactor temperature: 700C 
methanol/oil ratio: 12:1, and catalyst: 1 % wt (NaOH) of oil achieved 99.4 % FAME yield. 
The minor energy consumption was also studied to display the benefit of the process. Very 
low energy consumption of 0.1167 kWh/L was found for biodiesel production in this 
method (Choedkiatsakul et al., 2015). Reduced reaction time has been observed due to the 
interaction of reactive molecules with the electromagnetic field generated by microwave 
irradiation. The effectiveness of microwave transesterification reaction is achieved through 
1) increase reaction rate by thermal effect 2) methanol evaporation due to the intense 
electromagnetic interaction of the object (Gude et al. 2013).  
Table 2.3 Comparison of main biodiesel production technologies.  
Method Advantages Drawbacks 
Microemulsion 
 
 Easy production process  Results highly viscous biodiesel 
 Critical volatility 
 Less stability 
 
Pyrolysis 
 Established process 
 Pollution free production 
process  
 Less NOx emission  
 
 High equipment cost 
 Require very high temperature for 
operation 
 Purity issue 
 Deposition occurs at piston and 
engine head 
 Demands high injection pressure  
 Require equipped professional to 
operate 
 
 
 
Transesterification 
 Fuel properties are very 
similar to diesel 
 Percentage conversion 
from oil to biodiesel is 
high 
 Economic than rest 
processes 
 Suitable for industrial 
production 
 Need to modify the process for 
feedstock with high free fatty acid 
and moisture content 
 Neutralization and biodiesel wash 
causes pollution 
 More than optimized time 
minimizes the yield 
 Product separation is complicated 
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Microwave assisted 
transesterification 
 Very fast reaction 
 Suitable for high scale 
production 
 Energy consumption is 
less than conventional 
magnetic stirring method 
 Pressure vessel 
technique can be 
utilized. 
 Complex process when extra 
stirring unit is fixed 
 Equipment installation is costlier 
 Safety concern due to 
involvement of microwave 
radiation 
 
Ultrasonic assisted 
transesterification 
 Fast reaction 
 Suitable for high scale 
production 
 Energy consumption 
during 
transesterification is low 
 No need for the 
installation of additional 
stirring unit 
 Minimum safety concern 
 Pressure vessel technique cannot 
be used due to vibration 
 The reactor must be fully covered 
in order to minimize noise 
pollution 
 Converter and booster require to 
maximize the processing volume 
capacity 
 
Supercritical/subcritical 
methanol 
 Catalyst-free production 
 Quick reaction 
 The rate of conversion 
very high 
 Product separation is 
simple 
 High temperature and pressure 
required 
 Expensive equipment cost 
 Energy consumption is 
significantly high 
 Safety issue 
Sources: (Lin et al. 2011; Kwon et al. 2013; Demirbas 2009; Farobie 2015; Farobie and Matsumura 2017; 
Glisic and Orlovic 2012; Inguanzo 2002) 
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Table 2.4 Assessments among conventional transesterification processes, subcritical and 
supercritical method for the production of biodiesel. 
Associate 
parameters 
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Ideal for free 
fatty acid 
content (%) 
<3% >3% 
As high 
as 100% 
No specific 
limit 
No specific 
limit 
No specific 
limit 
Reaction 
temperature 
(0C) 
30-60 60-100 
Depends 
on the 
enzyme 
type 
Depends on 
the co-
solvent used 
(30-170) 
170-250 >250 
Reaction 
pressure 
(MPa) 
Optional Optional Optional optional 0-10 >10 
Reaction 
time 
Moderate High 
Moderate 
to high 
Moderate to 
low 
(depends on 
sample FFA 
content) 
Low Very low 
Separation of 
Solvent, 
Catalyst, 
Glycerol, 
Soap 
Solvent, 
Catalyst, 
Glycerol, 
water 
Solvent 
Solvent, Co-
solvent 
Methanol 
(solvent) 
Methanol 
(solvent) 
Technique Complex Complex 
 
 
 
Safety 
precautio
ns during 
handling 
catalyst 
Depends on 
operating 
temperature 
Simple, 
require 
precaution 
due to high-
temperature 
operation 
Simple, 
require 
precaution 
due to very 
high-
temperature 
operation 
Sources: (Al-Zuhair, 2007; Shahid & Jamal, 2011; Demirbas A. 2009; Revellame et al. 2010; Kusdiana and Saka 2004; Glisic and Orlovic 2012) 
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Plenty of research has been carried out on microwave irradiation, conventional heating, 
ultrasonic irradiation, and super and sub-critical heating in recent past (Aghbashlo, 
Tabatabaei, and Hosseinpour 2018; Choedkiatsakul et al. 2015; Glisic and Skala 2010; 
Gunawan et al. 2014). All these methods have some advantages and disadvantages. 
Microwave irradiation technique is a cost-effective process as well as it has a tendency to 
provide byproduct like glycerol tert butyl ether. Microwave method requires very less 
residence time of 4 min for high FFA sample. However, a highly equipped person is required 
for installation and maintenance of the overall system. The microwave reactor cost is 
comparatively higher instead of low energy consumption during transesterification 
(Barekati-goudarzi et al. 2017; Jermolovicius et al. 2017; Priyadarshi and Paul 2018). 
Elevated cost, safety, and maintenance may an issues with supercritical and subcritical 
heating methods due to very high reaction temperature (Farobie and Matsumura 2017; Glisic 
and Orlovic 2012).  
Ultrasonic irradiation method was chosen over other established methods like microwave 
irradiation and conventional heating method in some of the studies. It is potentially safer 
and relatively cheaper (Kusdiana and Saka 2004; Saha and Goud 2014). In this method, the 
wave propagates and forms an emulsion between oil and solvent that accelerates the 
transesterification. Ultrasonic wave destroys bubble cavities to cause emulsification of 
alcohol phase into oil phase by overcoming phase barrier between the solutions (Teixeira 
2009). This solves the mass transfer problem in transesterification and accelerates the 
reaction (Christopher et al. 2014). In this method, the localized temperature and formation 
of microjets play a significant role instead of sample agitation speed and reaction 
temperature (Delavari et al. 2014). Ultrasonic biodiesel production process can reduce the 
reaction time by 15 to 40 times when processing a low free fatty acid feedstock (Kumar et 
al. 2010). Kumar et al. (2010) suggested molar ratio oil/ethanol: 1:6, base catalyst: 0.75 % 
(wt/wt) of oil and reaction time of 7 min for 98% FAME conversion.  Delavari et al., (2014) 
obtained 94.2% FAME yield with a continuous ultrasonic reactor comprised of a 1500 Watt 
homogenizer and glass helicoidal system with a 20 m length tube. Recent researches on 
biodiesel production with very high FAME yield through various instrumentation and 
catalytic process were given in Table 2.5. It has been observed that other than supercritical 
and subcritical process, Microwave irradiation technique can supply high FAME yield at 
few minutes and sometimes in seconds. The ultrasonic process also found beneficial in 
reducing the reaction time and offers high FAME yield.  
27 
  
  
Table 2.5 Biodiesel production using various approaches. 
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Batch 
reactor, 
10 bar 
pressure 
Microalgae 6 (SO4 2- 
/SnO2-
SiO2) 
150 1:15:0.5 
(Cosolvent: 
biodeisel) 
90 88.2 (Lam 
and Lee 
2013) 
Microwav
e reactor, 
400 watt 
Palm oil 1 
(NaOH) 
70 1:12 1.75 99.4 (Choedk
iatsakul 
et al. 
2015) 
Microwav
e oven, 
242 watt 
Waste 
cooking oil 
1.25 
(SrO) 
65 1:12 10 99.2 (Tangy 
et al. 
2017) 
Ultrasoun
d heating 
waste 
cooking oil 
4.97 
(Modifie
d coal fly 
ash) 
70 1:10.71 1.41 95.5
7 
(Xiang 
et al. 
2016) 
Conventio
nal 
heating 
equipped 
with a 
reflux 
condenser 
Soybean 
oil 
2 
(K2CO3) 
65 1:13 120 87.4 (Sun et 
al. 
2014) 
Conventio
nal 
heating 
equipped 
with  four 
way 
Soybean 
oil 
1 (KOH) 57.2 1:6:2.65 
(Cosolvent: 
hexane) 
0.15 98.8 (Rahimi 
et al. 
2016) 
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micromix
ure 
Soxhlet 
reactor 
equipped 
with 
reflux 
condenser 
Wet 
municipal 
sludge 
18.4 
(H2SO4) 
105 1:2:2 
(Cosolvent: 
xylene) 
480 - (Choi et 
al. 
2014) 
Conventio
nal 
heating 
waste 
cooking oil 
12 (Cu-
doped 
ZnO 
Nanoco
mposite) 
55 1:8 50 97.7
1 
Gurunat
han and 
Ravi 
(2015) 
Continuou
s 
microwav
e-assisted 
in-situ 
transesteri
fication 
Chinese 
tallow tree 
seed 
4 
(NaOH) 
60 20:47.5:39.
3 
(Cosolvent: 
hexene) 
24 97.5 (Barekat
i-
goudarz
i et al. 
2017) 
Batch 
reactor 
Mixed 
non-edible 
oils, castor 
seed oil 
(CSO) and 
waste fish 
oil (WFO) 
0.5 
(KOH) 
32 1:8 30 95.2
0 
(Fadhil 
et al. 
2017) 
Supercriti
cal 
condition  
Pongamia 
pinnata 
- 300/200 bar 1:50 40 80-
85 
(Ataban
i et al. 
2013) 
Supercriti
cal 
condition  
Jatropha 
curcas L. 
- 320/8.4 
Mpa 
1:43 4 100 (Ataban
i et al. 
2013) 
Ultrasoun
d-assisted 
transesteri
 
Karanja oil 
5 
(Ba(OH)
2·8H2O) 
30 
 
1:9 60 84 
(Saha 
and 
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fication, 
30 KHz 
Goud 
2014) 
1.5 
(H2SO4) 
90 87  
2.3.1 Optimization in biodiesel production and engine analysis 
In biodiesel production, reasonably high FAME yields are anticipated for economic 
viability. Biodiesel yield can be improved by an innovative approach and managing 
transesterification reaction conditions. The usual approach of optimizing one variable at a 
time for the multivariable structure is not only time and labor exhaustive but also time-
consuming. Again, it results in missing out the interactive impacts between the components. 
Response surface method is one of the most common optimization techniques used for 
biodiesel production (Kumar et al. 2016; Gunawan et al. 2014). Whereas, response surface 
method exposed to multiple variables prediction correctness reduces with the intensified 
interaction between the variables (Satake et al. 2008). Popular optimization techniques such 
as simplex method, response surface method (Satake et al. 2008), ANN (Artificial neural 
network), genetic algorithm (GA) and Taguchi method have been successfully adopted for 
engine performance analysis. The simplex method is found to be complex with the inclusion 
of interaction effects of involved parameters. Whereas, response surface method exposed to 
multiple variables, precision degradation is witnessed. The prediction correctness also 
reduces with the intensified interaction between the variables (Satake et al. 2008). The 
convergence is not forever ensured in the existence of an interaction between multiple 
variables in the case of GA and ANN methods (Alonso et al. 2007; Ganapathy et al. 2009). 
Taguchi technique has been well preferred for factor optimization in DOE (design of 
experiments) for a long time. It does not provide any regression equation. The prediction 
can be made easily by simple window provided within the Minitab16 software. However, it 
also provides an option for the generation of regression equation manually. 
Taguchi model is a suitable multivariate statistical procedure that helps in determining the 
interactions of different parameters, predicts maximized yields faster and economical with 
limited trails and least possible resource consumption. The model has the tendency to outline 
the unusual measurements. Mathematical modeling of biodiesel production with cosolvent 
has been performed earlier (Roosta and Sabzpooshan 2016). Karabas, H. (2013) had adopted 
L9 orthogonal array (OA) of the Taguchi model for the optimization of biodiesel production 
from crude acorn kernel oil (Karabas 2013). Rubber seed oil methyl ester yield of 97.5 % 
30 
  
  
attained with the reaction condition optimized through L9 OA of Taguchi model (Dhawane 
et al. 2017).  Chiranjeevi and Mohan (2016) used Taguchi model (OA: L18) to optimize 
FAME production reaction combination consists of eight important parameters with three 
levels of factor (Chiranjjevi and Mohan 2016). Recently another similar study for biodiesel 
from waste cooking oil was performed by Tan et al., (2017). These studies were performed 
with L9 and maximum of L18 OA. Therefore, lacks in the analysis of variance (ANOVA) 
for individual and interactive parameters were observed. Reaction consist of four parameter 
and three level require at least L27 OA for ANOVA table generation.  
Taguchi method develops a particular design of orthogonal arrays to investigate the impacts 
of parameters with a lesser number of experiments. The obtained results were then converted 
into a signal-to-noise (S/N) ratio. The parameters that instigate the functional features of a 
product to move away from their object values were named noise factors. Taguchi proposes 
the practice of S/N ratio to evaluate the quality characteristics conflicting from the 
anticipated values (Park 1996; Phadke 1988). Typically, there are three sorts of quality 
characteristics in the study of S/N ratio, i.e., higher the better (equation 2.1), lower the better 
(equation 2.2) and nominal the better (equation 2.3). Irrespective of the classification of the 
quality characteristic, a higher S/N ratio relates to improved quality characteristics. Hence, 
the level with a larger S/N ratio corresponds to the optimum level. Three different formulas 
used to find the S/N ratio are given below. 
For larger the better: S/N= -10 log
1
n
(∑
1
𝑦2
)       (2.1) 
For lower the better: S/N= -10 log
1
n
(∑ y2)       (2.2) 
For nominal the better: S/N= -10 log
1
n
(∑ s2)       (2.3) 
y is the average of observed data, s is the standard deviation of responses and n is the number 
of observations. 
Taguchi model is an efficient optimization tool to provide the best possible process 
combination (Priyadarshi and Paul 2017b; Sahoo and Pradhan 2013; Dhawane et al. 2017). 
Multi-objective optimization on the basis of the ratio analysis method (MOORA) has been 
used to eliminate inappropriate alternatives by selecting the most appropriate parameter 
level (Maity and Pradhan 2016). It was also a decision-making method, where the objectives 
were measured for every decision of outcomes from a set of available alternatives. The 
MOORA method was introduced by Brauers (2008) and can be applied to various types of 
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complex multi-objective optimization problems. As the investigation involving a large 
number of test combinations, the design of the experiment was carried out opting the 
Taguchi model to limit the number of experiments by the formation of the orthogonal array. 
In MOORA method the performance of different output response is arranged in a decision 
matrix as given in Equation 2.4.  
11 12 1n
21 22 1n
m1 m2 mn
x x ... ... x
x x ... ... x
X ... ... ... ... ...
... ... ... ... ...
x x ... ... x
 
 
 
 
 
 
  
      (2.4) 
 xij : performance measure of ith output on jth objectives; m : number of runs; and n : is the 
number of output. Normalization of the ith alternative over the jth attribute was achieved by 
using equation 2.5 
1/2
m
* 2
ij ij ij
i 1
x x / x      (j=1,2,.....,n)

 
  
 
       (2.5) 
xij
* : normalized dimensionless number that lies between 0-1 interval. Then the normalized 
value is added for the maximization problem and subtracted for minimization problems. In 
some cases, some of the attributes have more importance than others, and hence, it could be 
multiplied by its corresponding weight. After assigned weight, the equation 2.6 is: 
g n
* *
i j ij j ij
j 1 j g 1
y w x w x
  
          (2.6) 
Where, g: maximized number of attribute; (n-g): attributes to be minimized and wj: weight 
of jth attribute. yi: normalized assessment value of the ith alternative with respect to all the 
attributes. Ranking of yi is performed from highest to lowest order to get the best alternative 
among all. Thus, the highest yi value is considered as the best alternative. Optimization of 
reaction parameters are efficient to estimate responses for the missing reaction 
combinations. Again, the interaction of parameters can be visualized through model 
generated graphs.  
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2.4 Biodiesel Engine Performance and Emissions 
Among alternative diesel fuels, biodiesel has similar physicochemical properties to 
petroleum diesel, high oxygen content, and rich in resources. Hence, biodiesel can be 
considered an alternative for fossil diesel substitute. Recently, there is a significant increase 
in biodiesel use in compression ignition engines (Jayaprasanna and Binnal 2012; Liu et al. 
2017; Pinzi et al. 2015). Studies reported that typical biodiesel has relatively low calorific 
value and that reflects in its performance.  
Researchers have established satisfactory engine performance with most of the biodiesel 
blends such as palm oil, jatropha, rice bran oil, sunflower oil, rapeseed oil, Karanga oil, 
Calophyllum inophyllum oil, Polanga oil, soybean oil and waste cooking oil (Aurélio et al. 
2017; Bora and Saha 2017; Chyuan et al. 2014; Priyadarshi and Paul 2018a). Biodiesel 
displays very less carbon monoxide (CO) and hydrocarbon (HC) emission than fossil diesel 
due to improved air-fuel atomization. Again, it is favorably biodegradable and non-toxic, 
has a negligible aromatic compound and minor sulfur content. However, higher nitrogen 
oxide (NOx) emission measured for biodiesel blends may intensify air pollution (Aurélio et 
al. 2017; Bhuiya et al. 2016). This may cause respiratory problems, acid rain, and instigate 
the acidity of water bodies.  
It is reported that 20% biodiesel blend in a diesel engine can provide similar performance 
and emission as compared petroleum diesel (Yu et al. 2002). Currently, engine 
configurations are as such that 100% biodiesel can be used without modification. However, 
special attention should be paid for the transportation and storage of biodiesel. Biodiesel 
can reduce the emissions of unburnt hydrocarbons (HC), carbon monoxides (CO), sulfates 
and particulate matter (PM) depending upon methyl esters and engine conditions 
(Gnanasekaran et al. 2016; Ruhul et al. 2016). Again, biodiesel is renewable. Even if 
additional energy consumption takes place during the production of biodiesel, it is well 
managed by the very less emission of greenhouse gases during engine operation. It provides 
clean energy with low particulate emission (Aurélio et al. 2017; Omidvarborna et al. 2015). 
A higher calorific value (CV) is appropriate for IC (internal combustion) engine. Relatively 
higher oxygen content about 10-11 % in biodiesel than fossil diesel causes low calorific 
value (Atabani and Cresar 2014). High oxygen content in the fatty acid composition of 
biodiesel makes it better as compared to fossil fuels. Highly oxygenated fuel result in lesser 
hydrocarbon and particulate matter emissions than fossil diesel. Biodiesel shows better air-
fuel mixing due to a high viscosity that improves fuel spray penetration. This results in 
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recovery of torque and power for biodiesel (Jinlin et al. 2011). Biodiesel with high lubricity 
could ensure reduced friction loss and thus enhance the brake effective power (Jinlin et al. 
2011). Researchers also witnessed a buildup in the brake specific fuel consumption (BSFC) 
and exhaust gas temperature (EGT), whereas, brake thermal efficiency (BTE) reduced with 
a rise in biodiesel proportion in blends (Atabani and Cresar 2014). 
Researchers around the globe have a difference in an argument regarding various factors 
that influences engine performance and emission (Singh et al. 2017). The emission profile 
of biodiesel and blend fuel are hugely influenced by the fatty acid structure of biodiesel, i.e., 
the degree of unsaturation, long chain, and short chain saturated fatty acids, 
monounsaturated fatty acid contents (Omidvarborna, Kumar, and Kim 2015; Pinzi et al. 
2015). Previous studies also suggest a significant impact of engine specifications on 
biodiesel performance and emissions. Researchers concluded that biodiesel blend, injection 
pressure injection timing and compression ratio influence the key performance parameters 
such as brake specific fuel consumption, brake thermal efficiency and EGT of a diesel 
engine (Papagiannakis et al. 2016; Aurélio et al. 2017). Gnanasekaran et al. (2016) 
suggested advancement in injection timing to minimize CO and HC emission. Combustion 
parameters like peak pressure, ignition delay, combustion duration, and heat release rate 
were mounted with advance injection timing (Gnanasekaran, Saravanan, and Ilangkumaran 
2016). Gumus et al. (2012) concluded that increasing fuel injection pressure decreases NOx 
emissions, but the trend was irregular (Gumus et al. 2012). It was observed that the reduced 
ignition delay period in case of higher injection pressure leads to improved air-fuel mixing 
within the combustion chamber, while the low injection pressure leads to longer ID. Shorter 
ignition delay stands for high NOx yield (Shameer and Ramesh 2018). Sometimes over high 
kinematic viscosity of biodiesel degrades fuel to break up that leads to poor combustion and 
engine deposit issue (Zhang et al. 2018). Priyadarshi and Paul (2018a) concluded that WCO 
based biodiesel has lower brake specific fuel consumption than sewage sludge-derived 
biodiesel. Simultaneously, sewage sludge biodiesel measured reduced CO, HC and NOx 
emission than WCO biodiesel. This is because of the high unsaturation level of WCO as 
compared to sewage sludge (Priyadarshi and Paul 2018a). Biodiesel physicochemical 
properties are influenced by individual fatty acid contents (Ramos et al. 2009). Biodiesel 
with higher palmitic acid (C16:0) and stearic acid (C18:0) exhibits poor cold weather 
properties (Imahara, Minami, and Saka 2006). Whereas, these saturated fatty acid promotes 
ignition efficiencies and reduces emission (Pinzi et al. 2015). The fatty acid distribution 
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plays a crucial role affecting iodine value (IV), cold filter plugging point (CFPP), flash 
point, kinematic viscosity (KV), etc. Sewage sludge based biodiesel (SSB) is always low in 
polyunsaturated fatty acid content that favors blend preparation with polyunsaturated fatty 
acid rich biodiesel for reduced emission (Olkiewicz et al. 2012; Pinzi et al. 2015). Usually, 
with the introduction of higher injection pressure, the engine efficiency increases but in the 
case of biodiesel, the NOx emission also increases significantly (Bang-Quan He 2016). 
2.5 Biodiesel Properties and Standard Test Methods 
Biodiesel follows ASTM D6751 and EN 14214 standard guidelines. Accordingly, physico-
chemical properties must be within the specified range as summarized in Table 2.6. Fuel 
acid value (AV), calorific value (CV), kinematic viscosity (KV), cetane number (CN), 
density, cold flow plugging point (CFPP) are among major factors that considerably 
influence the biodiesel engine performance. All listed properties are determined with 
standard test methods given in Table 2.6. 
Biodiesel properties are driven by its individual fatty acid percentages (Ramos et al. 2010). 
Key fuel properties such as KV, CN, and CV of individual fatty acid are summerized in 
Table 2.7. Fatty acid structure, and chemical formulae are also provided. Palmitic acid, 
stearic acid, arachidic acid, and erucic acid shows rich CN and CV. However, a high 
concentration of stearic acid, arachidic acid, and erucic acid causes issues in fuel injection 
due to significantly high KV (Schonborn et al. 2009). The impacts of fatty acid on key fuel 
properties and engine analysis are specified in Table 2.8. Instruments used for biodiesel 
production and methods followed in the current study were listed in Table 2.9. 
Table 2.6 Biodiesel and diesel specifications and standard test method. 
Fuel Properties 
Biodiesel Test Method 
ASTM D6751 EN 14214 ASTM EN 
Density 15 °C (kg/m3) 880 (max) 860-900a D127 
EN ISO 
3675/12185 
Acid value (mg KOH/g)  0.50 (max) 0.5 (max)a D664 EN 14104 
Oxidation stability (hrs, 
110 0C) 3 min 6 min D675 EN 14112 
Iodine number (g I2/100 g 
of  biodiesel) - 120 (max) - EN 14111 
Viscosity at 40 0C (mm2/s) 1.9-6.0  
3.5-5.0 
2.5-6a D445  EN ISO 3104 
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Calorific value (MJ/kg) - 35 - EN 14214 
Cetane number 47 (min)  51 (min)a D6890  EN ISO 5165 
Pour point (0C) -15 to -16 - D97  - 
Flash point (0C) 120 (min)  >120a D93  ISO DIS 3679 
Cloud point (0C) -3 to -12 -3 to -12 D2500  - 
Cold filter plugging point 
(0C) 19 Max. +5  D6371 EN 14214 
Copper strip corrosion (3h 
at 50 0C) 3 (min)  1 (min) D130  EN ISO 2160 
Metals (Na + K) (mg/liter)  5 5 
Atomic 
absorption 
spectroscopy  - 
Metals (Ca + Mg) 
(mg/liter) 5 5 
Atomic 
absorption 
spectroscopy - 
Carbon (%) 77 - - - 
Hydrogen (%) 12 - - - 
Oxygen (%) 11 - - - 
Methanol content %  - 0.20 (max)a - EN 14110 
Water and sediment 
content (% volume) 
0.05 (max) 
0.02 (max)a - D2709 EN ISO 12937 
Ash content % (w/w,) 0.02 0.02  EN 14214 
Sulfur % (m/m) 0.05 (max)  - D 5453  EN ISO 20846 
Sulphated ash % (m/m)    0.02 (max) 0.02 (max) D874  EN ISO 3987 
Phosphorus content    0.001 (max)  - D4951  EN 14107 
Free glycerine % (m/m)     0.02 (max)  0.02 (max) D6584  
EN 
14105/14106 
Total glycerine % (m/m) 0.24 (max) 0.25 D6584  EN 14105 
Monoglyceride % (m/m) 0.52 0.8 - EN 14105 
Diglyceride % (m/m) - 0.2 - EN 14105 
Triglyceride % (m/m) - 0.2 - EN 14105 
Distillation temperature 
(0C)   360 (max) - D1160 - 
Sources: (ASTM D6751; EN 14214) 
aIS15607:2005- Indian standard specification 
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Table 2.7 The chemical structures of common fatty acids.  
Fatty acid Structure  Chemical structure Cetane 
number 
Calorific 
value 
Kinematic 
viscosity 
Lauric  (12:0) CH3(CH2)10COOH 56.9 37.82 2.45 
Myristic (14:0) CH3(CH2)12COOH 66.2 38.79 3.30 
Palmitic (16:0) CH3(CH2)14COOH 74.5 39.44 4.32 
Stearic (18:0) CH3(CH2)16COOH 86.9 40.18 5.59 
Oleic (18:1) CH3(CH2)7CH=CH(CH2)7C
OOH 
61.7 40.09 4.51 
Linoleic (18:2) CH3(CH2)4CH=CHCH2CH
=CH(CH2)7COOH 
38.2 39.7 3.65 
Linolenic (18:3) CH3CH2CH=CHCH2CH=C
HCH2CH=CH(CH2)7COO
H 
22.7 39.34 3.14 
Arachidic (20:0) CH3(CH2)18COOH 100 40.7 7.2 
Eicosenoic (20:1) CH3(CH2)20COOH 64.8 40.61 5.77 
Erucic (22:1) CH3(CH2)7CH=CH(CH2)11
COOH 
78.7 40.89 7.21 
Lignoceric (24:0) CH3(CH2)22COOH - - - 
Sources: (Hoekman et al. 2012; Ramírez-Verduzco et al. 2012; Pratas et al. 2011; Freedman and Bagby 1989) 
Table 2.8 Vital fuel properties, fatty acid impacts on fuel property and their impact on physic-
chemical characteristics and performance of fuel.  
Fuel properties Role of fatty acid profile Impacts 
Cetane number 
(CN) 
 High concentration of 
myristic acid (CN: 66.4), 
palmitic acid (CN: 74.5), 
stearic acid (CN: 82.3), oleic 
acid (CN: 61.7), Arachidic 
acid (CN: 100) and erucic 
acid (CN: 78.7) improves 
CN. However, Arachidic 
acid and erucic acid degrade 
the ignition quality due to 
significantly high kinematic 
viscosity.   
 High CN symbolizes high saturated and 
mono-saturated fatty acid content of 
biodiesel. This implies a better oxidative 
stability of biodiesel 
 High CN stands for better engine 
performance 
 High cetane number implies short 
ignition delay 
 This impacts gaseous and particulate 
emissions 
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 The fuels with high autoignition 
temperatures are more likely to cause 
diesel  knock 
Specific gravity 
 Among fatty acids palmitic 
acid (0.865 g/cm3 at 200C) 
has minimum specific 
gravity. More of C18:2 
(0.890 g/cm3 at 200C) and 
C18:3 (0.901 g/cm3 at 200C) 
fatty acid violate the 
limitations by increasing 
specific gravity. 
 This is required for cetane index 
determination  
Calorific value 
(CV) 
 CV of fatty acids (C8 to 
C22) is generally in the 
range of 34.8 MJ/kg to 40.89 
MJ/kg. 
 Long chain saturated fatty 
acid and monounsaturated 
fatty acid results in high CV. 
 Measures fuel energy 
 Engine brake thermal efficiency is 
directly proportional to the calorific 
value of fuel 
Flashpoint 
 The high flash point value is 
the product of long chain 
saturated fatty acid. 
 It specifies the existence of highly 
volatile and flammable constituents 
 Determines the possibility of oil to form 
a flammable mixture with air 
 High flash point implies safe 
transportation  as it is used to assess the 
overall flammability hazard of a material 
Kinematic 
viscosity (KV) 
 Lauric acid, myristic acid, 
palmitic acid, oleic acid, 
linoleic acid, and lenolenic 
acid has KV in the standard 
range.  
 Stearic acid, arachidic acid, 
and erucic acid exhibits very 
high KV. 
 High KV implies biodiesel with  
 The kinematic viscosity of fuel in limited 
range ease the fuel injection during 
engine performance 
 Effective in cylinder air-fuel atomization 
requires a limited range of KV of the 
fuel to avoid excessive pumping 
pressures 
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Acid value 
 When triglycerides convert 
into fatty acid and glycerol, 
the acid number increases.   
 The acid value of raw material decides 
the transesterification method to be 
followed. Again, the biodiesel acid value 
should be less than 0.05 mg KOH/g. 
Higher than this value causes fuel to 
degrade, reduces oxidative stability. 
Iodine value 
 More of polyunsaturated 
fatty acid (PUFA) content 
increases IV. Saturated fatty 
acid lowers the IV. 
 Monounsaturated fatty acid 
(MUFA) content doesn’t 
have a significant effect on 
IV.   
 Higher iodine value tends to decrease the 
oxidative stability of biodiesel. 
  High IV represents increased NOx 
emissions. However, IV less than 80  
Contamination 
(water 
content/sediment) 
 Lack of efficient filtration.. 
 
 Excess moisture converts triglycerides 
into free fatty acid and causes soap 
formation during transesterification. Raw 
material moisture content decides the 
drying process be followed and helps in 
opting the transesterification process.   
 Causes corrosion in engine parts. 
Interrupts the fuel injection 
 Results poor air-fuel atomization 
Cloud point, pour 
point cold-filter 
plugging point 
 CFPP, CP, and PP are the 
product of a palmitic acid 
and stearic acid. High 
concentration of these two 
compounds ensures poor 
cold weather operability. 
 Sum total palmitic acid and 
stearic acid concentration 
must be less than 30% and 
CFPP value <50C stands for 
better cold weather 
performance. 
 Low CFPP (<50C), CP and PP value 
`determines better cold weather 
performance and vice versa.  
 Less CP and PP value confirm no crystal 
formation in the fuel tank. 
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Oxidation stability 
(OS) 
 Oxidative stability is directly 
proportional to saturated 
fatty acid content. 
 Poor oxidative stability 
measured for PUFA. 
 
 Better oxidative stability implies reduced 
emission. 
 High OS is inversely proportional to 
iodine value. 
 Improved OS stands for complete 
combustion during engine analysis. 
Carbon residue 
-  Estimates formation of carbonaceous 
deposits in the combustion chamber 
 
Copper-strip 
corrosion 
- 
 Measures degree of corrosive 
 Also indicates the existence of sulfur 
contamination 
Sulphur 
-  Their combustion causes environmental 
pollution. 
 It is susceptible to corrosion and causes 
physical damage to engine parts 
Ash 
- 
 Results from contaminants, water-
soluble impurities. 
 Metallic ash causes severe damage to the 
interface between the piston ring and the 
cylinder wall.  
Sources: (Atabani et al. 2012; Ramírez-Verduzco et al. 2012; Natarajan et al. 2012; Hoekman et al. 2012; 
Ramos et al. 2009; Labeckas et al. 2015; Pullen and Saeed 2014) 
 
Table 2.9 Major instruments and standard methods used for FAME production and characterization. 
Instrument Manufacturer/Model Function  Standard method 
Centrifuge Eppendorf centrifuge 5702 
RH  
Phase 
separation 
 - 
Soxhlet extractor B P lab solution (BPL-58) Lipid 
extraction 
 (Priyadarshi and Paul 
2017a) 
CE 440 CHN 
Elemental Analyzer 
EIA, USA Ultimate 
analysis 
 ASTM D5291 
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AAS (atomic 
absorption 
spectroscopy) 
PerkinElmer: Aanalyst200 Metal contents  - 
Gas 
chromatograph-
Mass spectroscopy 
Agilent: 7890B Determine 
FAME 
components 
 EN14103 
Gas 
chromatograph-
Flame ionization 
detector 
Agilent: 7820A Quantifying 
FAME 
components/ 
Methanol 
content 
 EN 14110 
Isoperibol 
Calorimeter 
Parr, model: 6200 Calorific value  ASTM D240 
Ignition quality 
tester  
Stanhope-Seta, Model: 
92000-3  
Cetane number  ASTM D6890 
Flashpoint tester Pensky-martens closed cup 
apparatus 
Flashpoint  ASTM D93 
Viscosity meter Redwood viscometer Kinematic 
viscosity 
 UNE-EN ISO 3104 
Density meter DMA 35 (Scipro 
Technologies) 
Density 
measurement 
 ASTM D127 
Compact 
Titrator 
Mettler Toledo V20  
 
Acid value 
measurement 
 ASTMD664 
Compact 
Volumetric Karl 
Fischer titrator 
Mettler Toledo V30 Oil water 
content  
 ASTM E203 
Cold flow property Herzog HCP 842 CFPP 
measurement 
 EN 116 
Internal combustion 
engine 
Kirloskar TAF 1 Engine 
performance  
 -section 4.1.4 
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3 CHAPTER 3: BIODIESEL PRODUCTION 
3.1 Optimization of Biodiesel Production using Taguchi 
Model1 
3.1.1 Coverage 
Taguchi model is beneficial in evaluating the effects of individual parameters on the 
production process. High accuracy of the model was verified by comparing the experimental 
outcome with the predicted value. Most importantly, it utilizes the provided database to 
predict missing experimental combination. In this study, Taguchi model improved the lipid 
yield by 8.5% (dry wt%) and FAME yield by 4.3% (dry weight%) as compared to manually 
obtained maximum yield. The Taguchi model was found helpful in detecting optimized 
conditions i.e., sun-dried sample, number of extraction cycle: 20, soxhlet heater 
temperature: 100 0C and sample pH 2 for maximum lipid yield and transesterification 
temperature: 60 0C, sulfuric acid: 12 wt%, methanol to lipid mass ratio: 12.5:1 for highest 
FAME yield. FAME yield prediction through Taguchi model was close to actual values. 
The study signifies present method is efficient enough to interpret the behavior of the 
biodiesel production process. The present study investigates the potential of rice bran as a 
feedstock in biodiesel production and optimizes the reaction conditions for highest 
production. Also, an initiative has been taken to commercialize RBME widely through 
blending with diesel to improve iodine value and cold weather property. 
3.1.2 Study foundation 
Recently, biodiesel, i.e., fatty acid methyl ester (FAME) has engrossed consideration as 
renewable energy with minimum pollutant emissions than fossil fuel (Chen et al. 2013). 
Blending ability with mineral fuel and lubricating property of biodiesel can improve the 
engine life (Azeem et al. 2015).  
Rice covers 1% of the earth’s surface and is a primary food source for many parts of the 
world (Memon et al. 2011). Asia contributes 87 % of total rice production in the world. 
India is the second largest rice producer after China. Being a land of the perpetual growing 
season, and the deltas of Kaveri, Krishna, Godavari, Indravati and Mahanadi river, India 
                                                 
1 Priyadarshi, D., Paul, K. K., 2017b. Optimisation of Biodiesel Production Using Taguchi Model, Waste 
and Biomass Valorisation. doi:10.1007/s12649-017-0158-9. 
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produced 157.2 million metric ton rice in 2012 (FAOSTAT 2017). The present study area 
Odisha has a thick set-up of canal irrigation including Hirakud dam and Indravati dam. In 
the year 2014-15, the top ten rice producing state in India produced 84996 thousand tonnes 
of rice (FAOSTAT 2017). Yearly rice bran production worldwide and various states of India 
are summarized in Table 3.1. Biodiesel association of India (BDAI) is gear up to deliver 
three million tons biodiesel by 2019. The bran in the rice waste holds a significant amount 
of fatty acids (Shiu et al. 2010). Rice bran oil has much higher FFA content due to its active 
lipase than other edible oils (Lin et al. 2009). Directly and indirectly, (rice bran oil) rice bran 
can contribute to FAME production satisfactorily. 
Table 3.1 Estimated capacity of RBME worldwide and in top ten rice producing the state of India. 
Region Rice production 
(lakh tonnes) 
Estimated Rice bran 
generation (lakh 
tonnes) 
Estimated 
Biodiesel production 
capacity (lakh tonnes) 
*World 7415.00 593.20 81.20 
*Asia 6421.47 513.71 70.32 
*China 2065.00 165.20 22.61 
*India 1572.00 125.76 17.21 
West Bengal 147.11 11.76 1.60 
Uttar Pradesh 122.21 9.77 1.33 
Andhra Pradesh 115.65 9.25 1.26 
Punjab 111.07 8.88 1.21 
Odisha 82.86 6.62 0.90 
Bihar 63.77 5.10 0.69 
Chhattisgarh 60.21 4.81 0.65 
Tamil Nadu 58.39 4.67 0.63 
Assam 48.63 3.89 0.53 
Karnataka 40.06 3.20 0.43 
Sources: *(FAOSTAT 2017)  
Sources: http://www.mospi.gov.in/statistical-year-book-india/2016/177.Government of India.(2017). Ministry of Statistics & 
Programme Implementation: http://www.mospi.gov.in/statistical-year-book-india/2016/177 . 
Estimated rice bran generation taken as 8% of total rice production. Estimated biodiesel production capacity considered  
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3.1.3 Experimentation 
3.1.3.1 Materials and methods 
Rice mill waste (RMW) is an agricultural waste material. This is the outer layer (rice husk, 
bran, and germs) encasing the rice grain removed during milling. Rice milling may be a 
simple one or two-step process, or a multi-stage process. Current study materials were 
collected from rice mill following two-step processes where husk and bran removal were 
done separately. White rice bran is prepared by exposing rice grain to 5 days sun drying 
after collection from the field and then milled for waste removal without exposing for 
boiling. Parboiled rice waste (collected both from bran and husk outlet) is the waste 
generated from the milling of parboiled rice grain. Parboiled rice grain goes through three 
basic steps after the grain collection from field, i.e., soaking of grain in water along with 
streaming and then sun drying. Materials collected from husk outlet contains some amount 
of bran, in addition to nearly 1% fat in husk (Kuan and yuen 2014). The collected materials 
were brought to the laboratory for further analysis. A part of RMW (bran and husk) were 
oven dried at 60 0 C for 6 h and another sun-dried for 2 days. Then the samples were kept in 
a desiccator prior to use. Initially, rice bran and husk were separated, and bran was acidified 
(sulfuric acid) to pH 2 and 3-4. White rice bran and parboiled rice bran collected were 
subjected to lipid extraction and subsequent transesterification process. Instead of its oil, 
rice bran was used directly for FAME production. It reduces the additional cost of oil 
extraction and refining crude oil . 
The rice husk collected for this analysis has carbon, hydrogen, oxygen, and nitrogen content 
of 39.5-41%, 5.5=-6%, 0.4-0.7% and 36-38%, respectively. Rice bran faatyacid 
composition were given in Table 3.7. That must be similar to the rice bran methyl ester 
composition. 
3.1.3.2 Chemicals and reagents 
The HPLC grade methanol (99.9%), hexane (99%) were purchased from Sigma–Aldrich. 
Sulfuric acid of 98 % purity was procured from Merck, India. The standard FAME mix 
SUPELCO- 18919-1AMP was also purchased from Merck, India. It consists of 37 fatty acid 
methyl ester components from C4 to C24. Final product filtration was performed using 0.45 
μm nylon membrane purchased from Axivasichem biotech. Additionally, POME and PSME 
were purchased from Anand oil company, Kolkatta, West Bengal. 
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3.1.4 Design of experiment using Taguchi approach 
Traditional experimental design methods are complicated and difficult to practice. Manual 
optimization is a hard task to perform. Additionally, with the increase in process parameters 
and levels, the number of experiments increases largely. To resolve this problem, the 
Taguchi method utilizes a special orthogonal array to study the complete parameter plot 
with a lesser number of trials. The obtained results were converted into a signal-to-noise 
(S/N) ratio. Parameters that instigate the functional features of a product to move away from 
their object values are named as noise factors. Whereas, signal represents the mean for the 
output. Taguchi uses the S/N ratio to compute the quality characteristics conflicting from 
required input data (Phadke 1988; Park 1996). There are three sorts of categories in the 
quality characteristic of S/N ratio analysis, i.e., lower the better, higher the better and 
nominal the better. The S/N ratio for each level of process parameters was calculated based 
on the fed data in the worksheet. Irrespective of the classification of the quality 
characteristic, a larger S/N ratio relates to superior quality characteristics. Hence, the level 
with the largest S/N ratio is the optimum level of experimental parameters. Additionally, 
analysis of variance (ANOVA) was implemented to get experimental parameters that are 
statistically significant or irrelevant. By S/N ratio and ANOVA analysis, the optimal 
arrangement of model parameters for lipid extraction and transesterification can be 
predicted (Yang and Tarng 1998). Conclusively, confirmation experiments were performed 
to authenticate the optimal process parameters taken from parameter design. A maximum 
number of influencing factors must be included so that it would be possible to identify non-
relevant variables at the primary occasion. Taguchi suggests evaluating the means and S/N 
ratio using the conceptual method that includes graphing the effects and visually identifying 
the factors that appear to be significant or may influence the response. 
Reaction conditions were evaluated through Taguchi model using Minitab 16. Influence of 
individual factors was calculated. Lipid analysis was performed with the L9 orthogonal 
array. FAME analysis was performed considering four parameters each having three levels, 
the fractional factorial design exercised is a standard L27 orthogonal array. This orthogonal 
array was selected because of its potential to pattern the interactions among reaction factors. 
The most vital step in the present design of the experiment lies in the choice of control 
factors. The control factors are temperature, pH, the solvent to sample ratios (S/S ratio), 
catalyst concentration (wt%), drying methods, number of lipid extraction cycles and 
extraction temperature. For each type of factor with the current S/N ratio conversion, higher 
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the S/N ratio the better is the result, followed equation 2.1 (section 2.3.1) for model 
optimization. 
3.1.5 Biodiesel production 
Samples (white rice bran, parboiled rice bran, and husk) were prepared for lipid extraction 
using soxhlet apparatus. Various reaction conditions that are applied for lipid extraction to 
these rice mill wastes are summarized in Table 3.4. Levels used in Table 3.4 are described 
in Table 3.3. Sample (30 gm) were wrapped in tissue papers and placed in soxhlet chamber. 
Earlier samples were exposed to pre-acidification (pH: 2, 3-4) in order to accelerate the 
extraction process. Initially, 42-micron filter paper was placed at the bottom of the 
extraction chamber to avoid blockage in the extraction system. The 500 ml bottom reaction 
vessel was filled with 300 ml methanol and heated. Biodiesel yield was observed for 10, 15 
and 20 number of extraction cycles. After lipid extraction, the mixture collected from the 
bottom cell was allowed to cool and transferred to another clean vessel. Lipid after methanol 
(solvent) recovery was transesterified considering various factors such as sample to solvent 
ratio, temperature, catalyst percentages and initial sludge pH as described in Table 3.5. The 
prepared FAME mixture was allowed to cool and transferred to a vessel in which 30 ml of 
hexane were added and kept in a shaker to mix thoroughly. The mixture was centrifuged 
(Eppendorf, 5702 RH) at 4400 rpm for 10 min. Two layers were formed every time, the 
upper hexane layer was collected, and the hexane phase was evaporated. Every time 
recovered upper layer FAME was allowed to pass through 0.45micron whatman nylon filter 
paper containing anhydrous sodium sulfate while the lower layer was collected for another 
centrifugation. Finally, the filtered sample was quantified for FAME yield and subjected to 
biodiesel characteristics. 
3.1.5.1 Gas chromatograph analysis 
A gas chromatograph (Agilent GC: 5977A) was used to detect the presence and 
concentration of FAME components using mass spectroscopy (Agilent: 7890B) and flame 
ionization detector. It is equipped with a flame ionization detector. The operational 
condition for FAME analysis and various equipment used for FAME analysis are given in 
Table 3.2. 
46 
  
  
3.1.5.2 FTIR analysis  
The FTIR spectroscopy has been identified as a useful device due to its accuracy and ease 
in biodiesel analysis. A Fourier transform infrared spectrophotometer (Alpha ATR-FTIR, 
Bruker, Germany) equipped with zinc-selenium tipped ATR accessory has been used for 
FTIR analysis of the sample region ranged from 450 cm-1 to 4000 cm-1. Produced DSS based 
biodiesel was analyzed for FAME confirmation.  
Table 3.2 Gas chromatography operation for FAME determination. 
Gas 
chromatograph 
(GC) 
Agilent GC: 5977A 
Column  Agilent 122-5532E: 1 
DB-5ms (dimension: 30 m x 250 µm x 0.25 µm) 
Temperature 
range 
Temperature range 0 0C – 325 0C  
GC-MS (mass 
spectroscopy) 
Agilent: 7890B 
GC-FID Agilent: 
7820A 
 
Biodiesel analysis 
Oven temperature 140 0C (hold time: 5 min) 
Detector temperature 260 0C 
Temperature ramp 140 0C to 240 0C at 8 0C /min 
(final hold time: 5 min) 
 
Carrier gas Nitrogen 
Flow rate 20 cm/s 
Injection volume 1 µL 
Split ratio 100:1 
 
Table 3.3 Levels used in Taguchi generated figures and Table 3.4 for the optimization of lipid 
extraction. 
Level Drying method pH Soxhlet 
temperature 
No. of cycle 
1 Without drying 2 80 10 
2 Oven drying 3-4 100 15 
3 Sun drying 7 120 20 
3.1.6 Results and Discussion 
The aim of this work is to optimize the basic reaction condition to maximize lipid yield and 
FAME production. The input data and observed responses of transesterification were fed 
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into the software as shown in Table 3.5. Taguchi predicted FAME yield are also summarized 
in Table 3.5. The experimental yield and Taguchi predicted yield obtain prediction error 
(3.13%) within an acceptable value (<15 %). 
Table 3.4 Response table for Signal to Noise (SN) ratios and percentage contribution of individual 
factors on lipid yield (larger is better). 
Level Drying method PH Soxhlet 
temperature 
No. of cycle  
1 19.71 21.22 19.91 17.78 
2 20.36 21.02 20.82 21.20 
3 20.57 18.40 19.91 21.66 
Delta 0.85 2.82 0.90 3.87 
Rank 4 2 3 1 
Seq SS 1.1909 14.840 1.6278 26.8782 
% contribution 2.7 34.0 3.7 61.7 
 
3.1.6.1 Taguchi Model for the Optimization of Parameter level 
3.1.6.2 Lipid extraction 
The Table 3.4 signified that no need of oven drying method (S/N value: 20.36) as S/N value 
for the sun-dried sample had obtained higher value. It specified that sun-dried samples 
produce higher lipid as compared to oven dried samples, validated from its elevated S/N 
value (20.57). Hence, the Taguchi optimized combination, i.e., sample pH: 2; extraction 
cycle: 20; soxhlet heater temperature: 100 0 C; followed by sun drying of rice bran produces 
14.93% (model predicted: 14.86 %) lipid in minimum time (5h). Whereas, the manual 
technique had obtained a maximum 13.75% lipid. Taguchi model obtained main effect plot 
for S/N ratio are shown in Fig. 3.1. The optimized condition of lipid extraction, described 
in Table 3.4 are visualized through Fig. 3.1. Main effect plot of S/N ratio indicates the best 
possible transesterification combination for maximum yield (Fig. 3.1) in terms of higher 
S/N ratio values. It means parameter level with higher S/N value implies better response for 
improved yield. During oven drying, loss of lipid was observed due to the breakdown of the 
hydrocarbon chain. No significant effect of soxhlet temperature on lipid yield was identified. 
However, soxhlet temperature of 100 0C accelerated the extraction process and extracted 
maximum lipid (14.92 wt%) in a minimum time period (5 h). At 20th extraction cycle, a 
plateau value was achieved. Lipid yield was significantly affected by a number of extraction 
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cycle (contribution=61.7%) and pH (contribution=34%) as shown in Table 3.4. Above 
optimized condition recorded 3.55% lipid yield during last 5 cycle. 
Table 3.5 Transesterification conditions optimized through Taguchi model for the production of 
RBME. 
S.N. 
Temper
ature 
(0C) 
pH 
solvent/sa
mple 
(vol/wt) 
Catalyst 
(%) 
Actual 
FAME 
yield (%) 
Taguchi 
predicted 
FAME 
yield (%) 
S/N 
ratio of 
FAME 
yield 
Rank 
1 25 3-4 5 5 1.89 2.06 5.5292 21 
2 25 3-4 10 10 4.50 4.22 13.0643 15 
3 25 3-4 15 15 4.35 4.46 12.7698 16 
4 25 2 5 10 2.78 2.89 8.8809 19 
5 25 2 10 15 4.08 4.25 12.2132 17 
6 25 2 15 5 4.58 4.89 13.2173 13 
7 25 7 5 15 2.75 2.47 8.7867 20 
8 25 7 10 5 3.53 3.64 10.9555 18 
9 25 7 15 10 4.51 4.68 13.0835 14 
10 40 7 5 5 1.81 1.84 5.1536 22 
11 40 7 10 10 9.05 9.08 19.1330 8 
12 40 7 15 15 9.01 8.94 19.0945 9 
13 40 3-4 5 10 1.71 1.64 4.6599 24 
14 40 3-4 10 15 8.58 8.61 18.6697 11 
15 40 3-4 15 5 8.95 9.27 19.0365 10 
16 40 2 5 15 1.65 1.68 4.3497 26 
17 40 2 10 5 9.22 9.15 19.2946 7 
18 40 2 15 10 9.25 9.28 19.3228 6 
19 60 2 5 5 1.74 0.98 4.8110 23 
20 60 2 10 10 12.40 13.91 21.8684 1 
21 60 2 15 15 12.25 11.49 21.7627 4 
22 60 7 5 10 1.69 0.93 4.5577 25 
23 60 7 10 15 12.31 11.55 21.8052 3 
24 60 7 15 5 5.50 7.01 14.8073 12 
25 60 3-4 5 15 1.55 3.06 3.8066 27 
26 60 3-4 10 5 12.33 11.57 21.8193 2 
27 60 3-4 15 10 12.23 11.47 21.7485 5 
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Fig. 3.1 Main effects Plot for S/N ratios of Taguchi optimized lipid extraction parameters 
White rice bran resulted in 11.07 wt% lipid with Taguchi optimized reaction condition. Most 
of the physicochemical properties of parboiled and white rice bran remain the same, 
whereas, the ash content of parboiled rice (4.4%) and white rice bran (5.3%) varies. Low 
lipid yield from white rice bran was obtained due to its higher ash content. 
3.1.6.3 FAME production 
The significance of Taguchi model was calculated by determining R2 and adjusted R2. 
Coefficient of determination (R2): 98.5% and R2 (adjusted): 93.7% were obtained for 
transesterification reactions (Table 3.1). The ANOVA given in Table 3.6 revealed a 
significant (p < 0.05) interactive effect (p< 0.003) of the four factors that have been 
investigated. However, the ANOVA revealed no more significant (p > 0.05) two- or three-
factor interaction effects among the four scrutinized variables. Instead, the FAME yield was 
found to be significantly affected by independent effects of temperature (p = 0.004) and 
methanol to rice bran ratio (p < 0.0001). Catalyst effects were overshadowed by pre-
acidification and high level significance of solvent to sample ratio. Therefore, no significant 
ANOVA was observed. The main effect plot of S/N ratio for FAME yield are shown in Fig. 
3.2. It describes the influence of individual parameter levels on reaction progress. In this 
case, Fig. 3.2 also reflect the same condition for maximum FAME yield as observed during 
manual optimization. Hence, Taguchi model generated surface plots and contour plots were 
monitored to maximize the yield.  
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In order to visualize the interacting effects of initial sample pH and rest of the 
transesterification factors on FAME yield, surface and contour plots were analyzed. The 
surface plot and contour plots were shown in Fig. 3.3 and Fig. 3.4, respectively. These plots 
explain the relative influence of the two parameters by keeping other factors constant. 
Reaction temperature above 55 0 C and solvent to sample ratio between 10 to 13 has shown 
improved FAME yield (Fig. 3.4a). Biodiesel yield was increased with increase in 
temperature and catalyst concentration (Fig. 3.2, Fig. 3.3a, and Fig. 3.4b). 
Hence, a set of an experiment in optimized condition with a catalyst concentration of 15% 
was performed and recorded 13.32 % (model predicted: 13.84 %) FAME. Overall 7.41 % 
FAME yield was added to manually achieved yield, i.e., 12.40 %. Decreasing pH and 
increasing temperature also obtain positive influence on FAME production (Fig. 3.4c). The 
decrease in FAME yield was observed with an increase in S/S ratio from 12.5:1 to 15:1. 
Practically, it occurs due to the reversible reaction after certain transesterification time. The 
residual error of 1.46 % verified the effectiveness of the model. It was also observed that 
pH of the initially treated sample below 2, lower the yield as well as darken the product 
color. Similar results were also obtained by Saha and Goud (2015) using karanj oil as raw 
material. Formation of gel and emulsion was also due to excess amount of catalyst (Saha 
and Goud 2015).  
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Fig. 3.2 Main effects Plot for S/N ratios of Taguchi optimized transesterification parameters 
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Table 3.6 ANOVA of RBME production. 
Factors DF Seq SS Adj SS Adj MS F P 
Temperature  2 91.2 91.204 45.602 16.56 0.004 
pH 2 3.88 3.882 1.941 0.7 0.531 
Solvent/Sample  2 837.86 837.85 418.929 152.1 0.000 
Catalyst 2 8.17 8.174 4.087 1.48 0.300 
Temperature*PH 4 8.02 8.019 2.005 0.73 0.604 
Temperature 
*Solvent/Sample  
4 159.25 159.25 39.814 14.46 0.003 
Temperature 
*Catalyst  
4 6.36 6.36 1.59 0.58 0.690 
Residual Error 6 16.53 16.525 2.754  -  - 
Total 26 1131.28  -  -  -  - 
 
 
Fig. 3.3 Surface plot monitoring (a) effect of solvent/sample ratio and catalyst concentration (b) 
solvent/sample and temperature on FAME yield 
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Fig. 3.4 Contour plot for interactive effects of (a) solvent/sample ratio and temperature (b) 
temperature and catalyst (c) pH and temperature on FAME production 
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The optimized condition established from fed data in Table 3.5.and Fig. 3.2 located the 
combination i.e. transesterification temperature (600 C); sample pH: 2; solvent/lipid ratio 
10:1 (vol/g); sulphuric acid (catalyst): 10% for highest FAME yield (12.40 wt%). The 
contour plot in Fig. 3.4a suggested possible maximum FAME yield at a solvent to sample 
ratio: 9.5 to 13.5. Hence, experiments were conducted with above-optimized condition by 
replacing the s/s ratio, i.e., 11.5, 12.5 and 13. Again, the catalyst concentration, i.e., 12 %, 
13 %, and 14 % were exercised with 12.5:1 solvent to sample ratio. Transesterification 
temperature (600 C); sample pH: 2; solvent/lipid ratio 12.5:1 (vol/g); sulphuric acid 
(catalyst): 12% resulted 13.69 % biodiesel at above optimized condition. Further increased 
catalyst concentration reduced the biodiesel percentage. Overall 10.40 % FAME yield was 
added to manually obtained FAME (Table 3.5: 12.40%). Maximum FAME yields for 
parboiled rice bran (30 g sample) in two-step acid catalyzed transesterification were as 
follows: total lipid 4.47 ± 0.2 g (14.92 wt%), of which 4.1 ± 0.2 g (13.69 wt%) are converted 
to FAME. White rice bran resulted in total lipid of 3.32 ± 0.2 g (11.07 wt%), of which 3.04 
± 0.2 g (10.13 wt%) FAME recovered through transesterification. 
3.1.6.4 Effect of raw material on biodiesel properties 
The physical properties of RBME are required for the evaluation of its characteristics and 
commercialization of this biodiesel. Fatty acid profile and properties of RBME are found 
within the range of biodiesel standards (ASTM D6751, EN 14214). Detailed properties of 
different raw material based biodiesel were summarized in Table 3.7. There are several 
impacts of fatty acid concentration on biodiesel physical properties (Ramos et al. 2009). 
Impact of fatty acids on the physical properties of biodiesel was evaluated with Pearson 
correlation using IBM SPSS (statistical package for the social sciences, 2015). The aim of 
this study was to evaluate the efficiency of RBME as compared to biodiesel based on waste 
cooking oil, palm oil, jatropha, and RBO (rice bran oil) on the basis of their fatty acid 
structure and physical properties. Among FAME properties cold weather performance and 
environment safety (flash point and NOx emissions) are the major concern for a long time. 
According to Pearson correlation (Table 3.8), CFPP and other physical properties were 
influenced by the fatty acid profiles. In addition, some properties were interrelated. Palmitic 
acid and long chain saturated fatty acid (LCSF) have an inverse correlation with CFPP 
(significant level at 0.01). This result was in agreement with (Mittelbach et al. 2004; Imahara 
et al. 2006).  Higher LCSF content in POME led to poor cold weather performance with 
CFPP 10 0C and PSME with CFPP 13 0C. It results in huge adaptability challenge during 
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cold weather and in moderate weather also. RBME are richer in the unsaturated ester of 
linoleic acid (C18:2), but the presence of a good amount of oleic acid can result in a 
satisfactory cetane number (Gerpen 1996). Fuel with cetane number higher than standard is 
associated with better engine performance (Pinzi et al. 2015). Kinematic viscosity (KV) and 
a flash point of 4.29 cSt and 172 0C, respectively were measured for RBME. The RBME 
blend (prepared with diesel), i.e., B30, B20, B10, and B5 exhibits promising KV, flash point 
(Fig. 3.5) and improved heating value than petrodiesel (45.110 MJ/kg) as shown in Table 
3.9. Higher calorific value is due to an increase in fatty acid carbon chain with a constant 
unsaturation level, and results are in arrangement with Harrington (1986) (Harrington 1986). 
Both flash point and kinematic viscosity of biodiesel blends decreased considerably due to 
low flash point value (55-60 0C) and kinematic viscosity (2.4 cSt) of diesel. KV decreased 
up to B10, then increase in KV was observed for B5 (Fig. 3.5). This is because the higher 
solubility of biodiesel and diesel occurs in a particular blend proportion. Whereas, solubility 
was affected by a further decrease in biodiesel percentage in blend due to less effective 
mixing. 
3.1.6.5 FTIR analysis of rice bran methyl ester 
The peaks obtained in FTIR analysis of FAME is shown in Fig. 3.6. Peak at 3005 cm-1 
stands as an identity for methyl ester formation. FTIR peaks observed at 2925 cm-1, 2855 
cm-1 corresponds to symmetric and asymmetric stretching vibrations of the methylene group 
(Pena et al. 2014). The occurrence of significant peaks centered at 1738 cm-1, 1438 cm-1, 
and 1161 cm-1 may be attributed to C=O stretch of methyl ester, CH3 asymmetric bending 
and -C=C stretch of unsaturated fatty acids, respectively (Priyadarshi and Paul 2017a; 
Mahamuni and Adewuyi 2009). These peaks signify the FAME of better quality. The 
absence of any other peak confirms the biodiesel free of impurity. 
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Table 3.7 Typical fatty acid composition of rice bran methyl esters and other vegetable oil-based biodiesel and their physical properties. 
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Permissible 
limits 
ASTM D6751 
- - - - - - - - - 
100– 
170 min 
19 1.9–6.0 0.5 max - 3 min 47 35 
EN14214 
- - - - - - - - - >120 +5 max. 3.5-5 0.5 max 
120 
max. 
6 min 51 - 
Olive 11.6 3.1 75 7.8 0.6 14.7 83.4 75 8.4 178 -6 4.5 0.13 84 3.3 57  
Soybean 11.3 3.6 24.9 53 6.1 14.9 84 24.9 59.1 171 -5 4.2 0.14 128 1.3 49  
Sunflower 6.2 3.7 24.9 53 6.1 9.9 84 24.9 59.1 177 -3 4.2 0.15 132 0.8 50  
Rape 6.9 4 19 69.1 0.3 10.9 88.4 19 69.4 175 -6 4.1 0.27 138 0.5 48  
Rapeseed 4.9 1.6 33 20.4 7.9 6.5 84.3 56 28.3 170 -10 4.4 0.16 109 2 55  
WCO 11 4.22 35.22 39.73 6.24 15.22 81.19 35.22 45.97 - - 4.6 - - - 51  
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Source: (UNE-EN 14214). 
*current study results 
a: Lin et al. 2009 
 
 
Corn 6.5 1.4 65.6 25.2 0.1 7.9 91.5 66.2 25.3 170 -12 4.4 0.15 101 1.2 53  
aRBO 17.7 2.2 40.6 35.6 1.8 19.9 78 40.83 37.4 190 -2 4.12 0.45 110 - 50  
Palm 40.2 4.5 43.3 9 1 44.7 53.3 43.72 10 176 10 4.5 0.12 57 4 61 40.22 
*Palm 41.17 - 52.40 6.41 - 46.54 53.46 42.4 10.37 1 10 4.43 0.20 49 - 49 - 
Palm stearin 61.58 3.63 29.11 6.24 0 65.21 35.35 29.11 6.24 190 19 - 0.46 40.5 - -  
*Palm stearin 65.08 - 30 4.87 - 65.08 34.87 30 4.87 192 13 4.19 - 40 - 63 40.82 
*Rice bran 11-18 3.5-7 38-49 25-36 0.1-7 - - - - - - - - - - - - 
*Parboiled rice bran 17.37 - 49.54 25.84 7.23 17.23 82.61 38.92 37.64 172 -3 4.29 - 107 - 52 40.11 
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Table 3.8 Pearson correlation for prediction of fatty acid impact on biodiesel properties. 
Fatty acid Flashpoint CFPP KV IV CN 
Palmitic 
acid 
0.305 .920** -0.072 -.890** .745** 
Stearic 
acid 
0.295 -0.206 0.229 0.265 -0.204 
Oleic 
acid 
0.263 -0.406 0.562 -0.165 0.292 
Lenoneic 
acid 
-0.390 -0.402 -0.511 .894** -.847** 
Lenolenic 
acid 
-.713** -0.045 0.128 0.492 -0.413 
SFA 0.150 .967** -0.057 -.885** .750** 
UFA -0.131 -.969** 0.031 .881** -.760** 
MUFA -0.231 -0.374 .606* -0.121 0.315 
PUFA 0.067 -.574* -0.465 .913** -.864** 
* Correlation is significant at the 0.05 level (2-tailed). 
** Correlation is significant at the 0.01 level (2-tailed). 
Negative sign implies to inverse correlation. 
 
Table 3.9 Heating value of RBME blends. 
RBME blend  B100 B80 B50 B30 B20 B10 B5 Diesel 
Calorific 
value  
(MJ/kg) 
RBME 
+ Diesel 
38.512 38.918 41.979 43.270 44.254 45.032 45.777 45.110 
*B100: RBME 100% + Diesel 0% 
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Fig. 3.5 Influence of RBME blend with diesel on the flash point, kinematic viscosity 
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Fig. 3.6 FTIR spectra obtained for rice bran methyl ester 
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3.1.7 Conclusion remarks 
The study found prediction error of 3.13% within an acceptable value (<15 %) that grants 
liability to Taguchi model. Taguchi model can be a better solution to reduce production cost 
and optimize output with the minimum trail. Parboiled rice bran ensured higher FAME yield 
than white rice bran. The CFPP of -3 0C for RBME designates its suitability for better cold 
weather performance as compared to POME and PSME, currently in command of the 
biodiesel industry in Asia. Pearson correlation signified that IV, CN, oxidative stability and 
kinematic viscosity are interrelated. Jatropha for biodiesel production in a populated 
developing country like India can cause food scarcity issue as energy crop programme 
competes with food crops. Rice bran as a raw material inspires farmers for more production 
of the regular crop. It would draw the attention of farmer to increase per hectare rice crop 
with modern technologies. The RBME can be an economical substitution for vegetable oil-
based biodiesel, i.e. jatropha, palm oil, and RBO.  
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3.2 Taguchi Approach for Modelling and Improving 
Biodiesel Production from Sewage Sludge through 
Cosolvent based Transesterification 
3.2.1 Coverage  
This study initiates an approach for maximum production of biodiesel with the fastest 
reaction rate from sewage sludge (SS) using Taguchi technique and establishes the optimum 
transesterification parameters. The experimental results obtained through 27 unique 
combinations of parameters using Taguchi model attained maximum 93.25 % conversion 
of FAME (fatty acid methyl ester). Whereas, Taguchi model predicted a maximum of 94.64 
% (actual yield: 95.37 %) of conversion could be achieved in a quick duration through an 
un-attempted reaction combination. The model minimized the number of experiments to 27 
from 81 and predicted the un-attempted reaction combination precisely. Instead of using 
individual parameters of uniform characteristic two different cosolvents and an acid catalyst 
in the absence of cosolvent were used to evaluate the compatibility of Taguchi model in 
biodiesel production. FAME conversion found maximum 24.33% (wt%) in 
transesterification condition of solvent to lipid ratio: 15:1 (v/w), temperature: 45 0C, 
catalyst: 1.5 % (wt%), cosolvent: 5:1 (v/w) methyl tert-butyl ether (MTBE) and time: 90 
min. The signal to noise ratio (S/N) with the larger-the-better concept has been adopted to 
maximize the FAME production in minimum duration. Use of cosolvent increased the 
reaction rate significantly. Also resulted in significant reduction in energy consumption 
during transesterification. 
Although studies have testified application of in-situ transesterification to sewage sludge its 
optimization using Taguchi model identifies large number of missing operational 
conditions. Present study assessed the potential of sewage sludge as a raw material for 
biodiesel production. Irrespective of cosolvent type or methodologies applied, the aim of 
this study is to model the transesterification conditions statistically for the first time, i.e., 
detailed ANOVA, and individual and interactive behavior of parameters in different levels. 
A mathematical model is based on facts, despite their measurability and quantifiability, 
while statistical models use actual data. A statistical model is a mathematical model with 
random nature but in a more specific term. The model also uses extrapolation or 
interpolation of data established on certain best-fit. Taguchi model optimized the production 
parameters and used the experimental database for precise yield prediction. 
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3.2.2 Study foundation 
Municipal sewage sludge has high free fatty acid (FFA) content. Therefore, alkali-catalyzed 
transesterification may not achieve a high FAME conversion. The acid catalyzed 
transesterification has better compatibility with higher FFA based lipid but requires more 
time and heat energy to improve the yield (Revellame et al. 2010). Biodiesel production 
process with acid catalyst (without cosolvent) is controlled by both the reaction and mass 
transfer resistance (Frascariet al. 2009). Therefore, it takes longer time to complete the 
transesterification process.  Hence, it is required to develop quick FAME conversion 
technologies for sewage sludge-based biodiesel production. Lipid and methanol phases are 
immiscible. It acts as a barrier for mass transfer between two phases by slowing the rate of 
reaction. Boocock proposed a single phase reaction through the introduction of cosolvent 
for better mixing of reactants. Cosolvent increases the miscibility of methanol in oil phase 
(Rahimi et al. 2016). Researchers have suggested various cosolvents such as n-hexane, 
xylene, THF, biodiesel, butanol, MTBE for fast transesterification (Farboie 2015; Choi et 
al. 2014; Tran et al. 2017).   
The statistical model approach is beneficial in optimizing reaction parameters that improve 
FAME yield  (Kumar et al. 2016). Manual optimization is time, labor extensive and unable 
to develop interactive effects among the factors. It follows optimizing one variable at a time 
for a multivariable structure (Bandaru et al. 2006). Statistical optimization was used to 
optimize the level of each variable for optimum response (Ghosh and Thakur 2014).  
3.2.3 Experimentation 
3.2.3.1 Study site and lipid characteristics 
Sewage sludge (SS) used in this study were collected from sewage treatment plant (STP) 
located at Panposh, Rourkela. The treatment plant consists of two aeration tanks and one 
settling tank in series. Sludge was collected from the primary settling tank outlet of sewage 
treatment unit. Collected sludge was brought to the laboratory within NIT Rourkela for 
further analysis. About 12-15 % total solid content was obtained in sludge sample. Sample 
pH ranges from 6.5-7.0.  
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3.2.3.2 Lipid extraction from sewage sludge2 
Lipid extraction from freeze-dried sludge (moisture content < 2%) was performed in a 
Soxhlet extractor with methanol as a solvent.  Extraction was performed according to the 
method adopted in our previous publication (Priyadarshi and Paul 2017a). After extraction, 
the solvent was removed using a rotary evaporator at 70°C. Then, the residue lipid was 
allowed to cool in a desiccator overnight. Further it was weighed to determine the lipid 
yield. Maximum 25.51 % lipid yield was recorded for SS. Free fatty acid content of 4.35% 
was measured for the derived lipid. Lipid profile was analyzed using GC-MS (Agilent, 
7890B) to investigate the presence of various fatty acids. 
3.2.3.3 Chemicals 
Solvents (methanol, hexane) and cosolvents i.e., tetrahydrofuran (THF:: chemical formula: 
C4H8O; boiling point: 66 
0C; density: 0.89 g/cm3; viscosity (25 0C): 0.46 cP; purity: >99%), 
methyl tert butyl ether (MTBE:: chemical formula: (CH3)3COCH3; boiling point: 55.3 
0C; 
density: 0.74 g/cm3; viscosity (25 0C): 0.36 cP; purity: >99%) were purchased from Merck, 
India. Sulphuric acid of 98 % purity was procured from Merck, India. The standard FAME 
mix SUPELCO- 18919-1AMP was also purchased from Merck, India. It consists of 37 fatty 
acid methyl ester components from C4 to C24. Final product filtration was performed using 
0.45 μm nylon membrane purchased from Axivasichem biotech. 
3.2.3.4 Design of experiment 
Transesterification was carried out by considering four factors at three level each, the 
fractional factorial design exercised is a standard L27 orthogonal array. Three level design 
of four factors with Taguchi method were obtained using Minitab statistical software 
(version 16.2.1.0). The L27 design was selected over L9. Three level design with four 
factors provides ANOVA and interactive plots for at least 27 runs (L27). A total of 27 
experiments were performed and fed into software to evaluate the effects of four 
transesterification factors: temperature (0C), solvent/lipid ratio (v/w) and catalyst 
concentration (wt%) each at three selected levels with FAME yield as a response (Table 
3.10). Also, two different cosolvents (v/w of lipid): THF, MTBE and free cosolvent (acid 
catalyzed transesterification without cosolvent) were considered as the levels of another 
factor. The levels used in Table 3.10 are described in Table 3.11.  
                                                 
2 Priyadarshi, D., Paul, K. K., 2017a. Utilising FTIR and Gas chromatograph for optimizing lipid extraction 
for biodiesel production from domestic sewage sludge and Food waste. Research Journal of Chemistry and 
Environment 21 (8). 26-36. 
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Table 3.10 Experimental data for FAME yield obtained from the L27 Taguchi model through co-
solvent based acid catalyzed transesterification. 
S. N. 
solvent/ 
lipid catalyst 
temperatur
e 
cosolven
t 
Actual 
FAME 
conversio
n (% 
weight) S/N ratio 
Predicted 
FAME 
conversio
n (% 
weight) 
1 1 1 1 1 10.21 20.1805 5.71 
2 1 1 2 2 39.05 31.8324 39.95 
3 1 1 3 3 41.1 32.2768 44.68 
4 1 2 1 2 38 31.5956 41.58 
5 1 2 2 3 69.98 36.8994 65.48 
6 1 2 3 1 43.02 32.6734 43.92 
7 1 3 1 3 40.02 32.0455 40.92 
8 1 3 2 1 34.95 30.8689 38.53 
9 1 3 3 2 58.1 35.2835 53.6 
10 2 1 1 1 47.89 33.6049 41.95 
11 2 1 2 2 75.05 37.5070 77.52 
12 2 1 3 3 70 36.9019 73.46 
13 2 2 1 2 72.2 37.1707 77.66 
14 2 2 2 3 88.87 39.3715 87.08 
15 2 2 3 1 59.56 35.4990 62.03 
16 2 3 1 3 67.25 36.5538 69.72 
17 2 3 2 1 56.68 35.0686 60.14 
18 2 3 3 2 86.19 38.7091 80.25 
19 3 1 1 1 59.85 35.5412 58.4 
20 3 1 2 2 69.11 36.7908 67.64 
21 3 1 3 3 70.85 37.0068 73.76 
22 3 2 1 2 80.03 38.0650 82.94 
23 3 2 2 3 93.25 39.3929 91.8 
24 3 2 3 1 67.9 36.6374 66.43 
25 3 3 1 3 92.89 39.3593 91.42 
26 3 3 2 1 65.89 36.3763 68.8 
27 3 3 3 2 76.75 37.7015 75.3 
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Table 3.11 Levels used in Tables and Figures. 
Level 
Solvent/lipid 
(v/w) 
(A) 
Catalyst 
(wt%) 
(B) 
Temperature 
(0C) 
(C) 
Co-solvent 
(cosolvent/lipid 
(v/w): 5:1) 
(D) 
1 5 0.75 30 None 
2 10 1.5 45 THF 
3 15 3.0 60 MTBE 
 
The recovered lipid after methanol (solvent) evaporation was transesterified considering 
above defined transesterification parameters (Table 3.10). The produced FAME mixture 
was allowed to cool and transferred to a vessel containing 30 ml of hexane and mixed 
thoroughly in a shaker. This process was repeated three times. The mixture was centrifuged 
(Eppendorf, 5702 RH) at 4400 rpm for 15 min and every time, the upper hexane layer was 
collected, and the hexane phase was evaporated. Again FAME sample was passed through 
0.45-micron nylon whatman filter paper containing anhydrous sodium sulfate. Finally, the 
filtered sample was subjected to FAME analysis. 
Furthermore, statistical analysis of variance (ANOVA) was performed to analyze the 
significance of process parameters on responses founded on their p-value and f-value at 95% 
confidence level (Sahoo and Pradhan 2013). The optimal value for parameters can be 
predicted by S/N ratio and analysis of variance (Priyadarshi and Paul 2017b). Conclusively, 
confirmation experiments were performed to authenticate the ideal process parameters. 
Taguchi provides the results in terms of graphs and contour maps to visually recognizing 
the parameters that found to be substantial. Control factor selection is one of the vital stages 
in the design of the experiment. The present S/N ratio transformation follows higher the S/N 
ratio; better is the result as given in equation 2.1 for model optimization. 
3.2.4 Results and Discussion 
Major factors that affect the transesterification are solvent/lipid ratio, catalyst concentration, 
temperature and time. Many researchers have applied to Taguchi model for optimization of 
biodiesel production (Karabas H. 2013; Chiranjjevi and Mohan 2016; Tan et al. 2017). 
However, in most of the cases, researchers adopted an L9 array of Taguchi. This is efficient 
in process optimization (provides main effect plot for S/N ratio) for parameters of the 
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uniform level (solvent/lipid with three different ratios, one catalyst with three different 
concentration and three different temperature). In order to monitor the entire process and 
get an idea regarding the behavior of parameters interaction L27 array is a suitable one. But 
the contour plots (Fig. 3.7, Fig. 3.8) and surface plots (Fig. 3.9, Fig. 3.10, Fig. 3.11, and Fig. 
3.12) should be generated for optimization and monitoring where the parameter levels are 
inimitable in nature. Levels used in Figures were attached to the Figures individually. In this 
study, the two cosolvents and free cosolvent (only acid catalyst) used to have a unique 
characteristic. Taguchi obtained wire surface plots display the impact of two variables on 
the response in each level. The model found solvent/lipid ratio (47.17%) has maximum 
influence on the transesterification process. A relationship between solvent/lipid ratio and 
the rest of the parameters were obtained through model described below. The contribution 
of individual parameters is a catalyst: 10.48%, temperature: 5.77%, cosolvent: 18.18% and 
with the support of interactive influences described in Table 3.12. Introduction of cosolvent 
modifies the usual trend of acid catalyzed transesterification (Revellame et al. 2010) and 
base catalyzed transesterification (Sun et al. 2014), i.e., overcome slow initial reaction, 
better yield in case of the sample with high free fatty acid content and extremely low heat 
consumption by forming a single phase solution. Application of cosolvent eases in tackling 
the slow reaction rate and counters high energy requirement. Free cosolvent and both 
cosolvents i.e., MTBE and THF based transesterification resulted a final conversion of 86.50 
% (solvent/lipid: 15 ml/g; catalyst: 3 %; temperature: 60 0C; time: 280 min), 95.37 % 
(solvent/lipid: 15 ml/g; catalyst: 1.5 %; temperature: 45 0C; time; 90 min) and 95.25 % 
(solvent/lipid: 10 ml/g; catalyst: 1.5 %; temperature: 60 0C; time: 120 min) respectively. All 
most similar final yield measured in cosolvent assisted production irrespective of reaction 
time. However, the rate of reaction differs with reaction conditions and hence the final 
reaction time and energy consumption varies. 
3.2.4.1 Taguchi statistical analysis 
The obtained response table for S/N ratio explains the variation in yield with a change in 
the level of parameters (Table 3.10). Percentage contribution of each factor in the production 
process can be calculated from ANOVA table (Table 3.12). The fit of the model was 
expressed by the coefficient of determination (R2): 99.1 %, adjusted R2: 96.1% and S: 0.77. 
The R2 value close to unity is suitable and has sufficient agreement with adjusted R2 
(Priyadarshi and Paul 2018). The effectiveness of the model was statistically related by R2 
based on the ANOVA) of the experimentally obtained response (Tan et al. 2017). The S 
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(standard error of regression) signifies the average distance that the experimental values fall 
from the regression line. Smaller S values are better as it indicates that observations are 
nearer to fitted line.  
3.2.4.2 Process optimization 
The ANOVA for biodiesel production (Table 3.12) expressed the significance (p < 0.05) of 
individual factors i.e., solvent to lipid ratio (<0.001), catalyst concentration (0.001), 
transesterification temperature (0.003) and cosolvent (<0.001). It displays the influence in 
response with variation in these parameters. It is proven from Table 3.12 that solvent 
concentration is the major factor for transesterification (p<0.05). Transesterification is a 
reversible reaction in which increasing methanol concentration up to optimum level 
accelerates the reaction towards equilibrium. As per the stoichiometric three mol of 
methanol and one mol of triglyceride are involved in forming three mol of FAME and one 
mol of glycerol. Catalyst concentration more than optimum reduces the FAME yield and 
hinders the glycerol and FAME separation process due to emulsion formation. This result 
is in agreement with Saha and Gaud (2014) (Saha and Goud 2014). Transesterification 
temperature is a key factor in achieving equilibrium. Acid-catalyzed transesterification 
needs a high-temperature operation for maximum yield. The ANOVA (Table 3.12) also 
illustrates significant interactions (p< 0.05) between these factors i.e., solvent/lipid ratio to 
catalyst concentration (0.013), temperature (0.003) and cosolvent (0.029). 
Relatively higher yield (predicted yield: 94.64 %) than all performed experiments was 
predicted by Taguchi model. The accuracy of the result was determined by performing a 
confirmation test that resulted in 95.37 % FAME conversion. Although a small aid (2.12 %) 
to FAME yield was observed in optimized condition, the reduction in transesterification 
temperature to 30 0C can cut down the power consumption significantly. However, FAME 
conversion was not accelerated when replaced cosolvent with THF. However, Taguchi 
model predicted a reaction combination for THF with improved reaction rate. Three-
dimensional surface plot are shown in Fig. 3.9, Fig. 3.10, Fig. 3.11, and Fig. 3.12 . These 
figures describe the collaborative influence of parameters in each level. 
3.2.4.3 Interactive effects of transesterification parameter on reaction rate 
The contour plots (Fig. 3.7, Fig. 3.8) and surface plots (Fig. 3.9, Fig. 3.10, Fig. 3.11, and 
Fig. 3.12) were generated to visualize the interaction between transesterification parameters. 
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These figures describe the relative impact of two parameters by maintaining the remaining 
parameters constant.  
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Fig. 3.7 Contour plots of percentage FAME conversion at various solvent/lipid ratio and cosolvent 
interaction 
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Fig. 3.8 Contour plots of percentage FAME conversion at various cosolvent and catalyst 
interaction 
3.2.4.3.1 Solvent/lipid ratio and cosolvent interaction 
Cosolvents were chosen for its solubility in lipid as well as in solvent that led to the superior 
dispersion of lipid in the solvent phase. Formation of single-phase solution improves the 
reaction rate. Cosolvent versus solvent/lipid ratio plot (Fig. 3.7) showed minimum yield in 
the absence of cosolvent. MTBE showed a high reaction rate at solvent/lipid ratio 15:1 (Fig. 
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3.7). THF achieved higher FAME yield (89.70%) in minimum time with solvent/lipid ratio 
10:1 (Fig. 3.7). MTBE has low viscosity (0.36 cP) that accelerated the rate of reaction by 
improving mutual solubility of lipid and methanol more effectively than THF (0.46 cP). 
Increasing solvent/lipid ratio has a positive trend towards the rate of reaction in all three 
cases (two cosolvent and free cosolvent transesterification) except THF and solvent/lipid: 
10:1 ml/g interaction shown in Fig. 3.9. In this case, increasing the solvent/lipid ratio against 
THF reduced the contact efficiency between the reactants and catalyst. This turns the 
equilibrium towards reactants.   
 
Table 3.12 Analysis of Variance (ANOVA) for the production of biodiesel through 
transesterification. 
Source DF Seq SS Adj SS Adj MS F P Contribution 
(%) 
Solvent/lipid 2 190.671 190.671 95.3354 158.05 >0.001 47.17 
Catalyst 2 42.358 42.358 21.1790 35.11 >0.001 10.48 
Temperature 2 23.332 23.332 11.6662 19.34 0.002 5.77 
Cosolvent 2 73.487 73.487 36.7436 60.91 0.001 18.18 
Solvent/lipid * 
Catalyst 
4 19.607 19.607 4.9018 8.13 0.013 4.85 
Solvent/lipid * 
Temperature  
4 36.928 36.928 9.2320 15.30 0.003 9.13 
Solvent/lipid * 
Cosolvent 
4 14.154 14.154 3.5385 5.87 0.029 3.5 
Residual Error 6 3.619 3.619 0.6032   0.89 
Total 26 404.157      
 
 69 
 
3
0 2
25
50
75
1
2 1
3
FAME %
solvent/lipid
cosolvent
        15
        10
        5
solvent/lipid (v/w)
 
Fig. 3.9 Surface plots of percentage FAME conversion at various solvent/lipid ratio and cosolvent 
interaction 
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Fig. 3.10 Surface plots of percentage FAME conversion at various cosolvent and catalyst 
interaction 
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Fig. 3.11 Surface plots of percentage FAME conversion at various solvent/lipid ratio and catalyst 
interaction 
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Fig. 3.12 Surface plots of percentage FAME conversion at various temperature and cosolvent 
interaction 
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3.2.4.3.2 Cosolvent and catalyst interaction 
Introduction of cosolvent forms single-phase solution that improves the accessibility of 
reactant into catalyst (Lam and Lee 2013). It lowers the requirement of high concentration 
of catalyst. Whereas, more or less concentration of cosolvent and catalyst than an optimum 
level hinders the overall reaction productivity. The contour plot in Fig. 3.8 signifies catalyst 
concentration up to 1.5 % (wt%) accelerates the process with MTBE (level 3). Further, 
increase in catalyst concentration in MTBE based transesterification reduces the rate of 
reaction sharply (Fig. 3.10) but in case of THF (level 2) no significant increase or decrease 
in reaction rate observed by varying catalyst concentration (Fig. 3.10). At 0.75 % catalyst-
free cosolvent (level 1) operation has a slow reaction rate. Whereas, the rate of reaction 
increased by increasing catalyst concentration from 0.75% to 3 % as shown in Fig. 3.10. 
Excess catalyst concentration speeds up the conversion of triglycerides into FAME by 
promoting esterification (Lam and Lee 2013). 
3.2.4.3.3 Solvent/lipid ratio and catalyst interaction 
As per the ANOVA in Table 3.12, solvent/lipid ratio is the most influencing factor in the 
transesterification process. Generally, this drives the entire process by interacting with other 
factors. From Fig. 3.11, an increase in solvent/lipid ratio increases the biodiesel yield in 
combination with catalyst concentration up to 1.5 % (level 2). Catalyst concentration 1.5 % 
found better in all three solvent/lipid ratio (Fig. 3.11). However, the interaction of 
solvent/lipid ratio 15 ml/g and catalyst concentration 1.5 % showed enhanced reaction rate 
in all three cases. Further increase in catalyst concentration has no significant influence on 
reaction rate.  
3.2.4.3.4 Cosolvent and temperature interaction 
As shown in Fig. 3.12, THF shows better response both in 30 0C and 60 0C. This is due to 
the better solubility of THF in low temperatures like MTBE and the capacity to withstand 
in high temperature due to the high boiling point (66 0C). However, 45 0C temperature 
provides a high reaction rate to MTBE based transesterification as per the statistically 
generated graph. This interaction seems effective in deciding the reaction temperature in 
cosolvent assisted transesterification.   
The important factor of the current study is a selection of cosolvent that leads to high 
reaction rate. Model displays a quick rise in FAME conversion with the introduction of 5:1 
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(v/w) cosolvent (THF and MTBE) from free cosolvent. One major advantage of MTBE is 
its boiling temperature (55 0C) difference with methanol (65 0C) that favors during recovery 
(>95%) of cosolvent and solvent (methanol) separately.  
3.2.4.4 Adequacy of Taguchi model 
The actual FAME yield (51 experimental results) and Taguchi predicted yield are described 
in Fig. 3.13. The 51 experimental values were compared with Taguchi predicted value and 
found 2.82 % prediction error. Usually, S value expresses how suitable or unsuitable. Value 
(S: 0.77) less than 2.5 produces a satisfactorily confine 95% prediction interval and 
considered as a fitness function for optimization. A standard residual plot (Fig. 3.14) is used 
to determine the goodness-of-fit in regression and ANOVA. A residual point observed in 
the lower left-hand corner of Fig. 3.14 is much lower than all other points in the plot and is, 
therefore, an outlier. Presence of too many outliers makes the model inadequate. It is 
witnessed in Fig. 3.14 that the points are randomly distributed and have no proper pattern 
along x-axis which justifies the adequacy of the model as well as denies the influence of any 
outer factor (Minitab, 2016). 
 
Fig. 3.13 Validation of Taguchi model through comparison of experimental yield vs Taguchi 
predicted yield 
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Fig. 3.14 Plot of standardized residual versus SN ratio based on experimental values 
3.2.4.5 Sewage sludge derived FAME analysis  
The GC-MS results confirmed the formation of FAME and detected the presence of palmitic 
acid, palmitoleic acid, oleic acid, stearic acid and linoleic acid in the produced biodiesel. 
Individual fatty acid concentration were determined with GC-FID. Myristic acid (retention 
time: 8.210 min), palmitic acid (13.967 min) and oleic acid (16.160 min) were found in a 
higher percentage. Fatty acid profile and other major properties are presented in Error! Not 
a valid bookmark self-reference. Sewage sludge based biodiesel measured fewer 
polyunsaturated fatty acid. This implies better oxidative stability and hence, may result in 
reduced emission (Priyadarshi and Paul 2018a). Resultant fatty acid profile is rich in 
saturated fatty acid and monounsaturated fatty acid (about 66.32%). Therefore, observed an 
enhanced cetane value of 55 that delivers improved ignition characteristics (Hoekman and 
Robbin 2012). The reported iodine value of 85 implies less nitrogen oxide emission than 
most of the vegetable oil feedstocks like sunflower oil, rice bran oil, jatropha (Priyadarshi 
and Paul 2018c). Kinematic viscosity, density are found well within the standard 
specifications. Instead of moderate palmitic acid content obtained FAME measured CFPP 
of 5 0C. The heating value of 39.51 MJ/kg was reported for obtained biodiesel is above 
standard requirement.  
FTIR analysis method was detailed in section 3.1.5.2. FTIR peaks observed at 2925 cm-1, 
2855 cm-1 corresponds to symmetric and asymmetric stretching vibrations of the methylene 
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group (Pena et al. 2014).  Occurrence of significant peaks centered at 1738 cm-1, 1438 cm-1, 
and 1161 cm-1 may be attributed to C=O stretch of methyl ester, CH3 asymmetric bending 
and -C=C stretch of unsaturated fatty acids, respectively (Priyadarshi and Paul 2017a). 
These peaks signify better quality FAME. 
Table 3.13  Observed biodiesel properties. 
Properties 
Permissible limit 
(IS 15607: 2005) 
SSB 
(Sewage 
sludge 
biodiesel) 
C14:0 (%) - 7.15 
C16:0(%) - 29.44 
C18:0(%) - 4.88 
C18:1(%) - 36.88 
C18:2(%) - 3 
C18:3(%) 12a 1.55 
Iodine value 
(g I2/100 mg) 
    
Density at 15 0C  
(kg/m3) 
860-900 880 
Cetane number 51 (min) 55 
Calorific value 
(MJ/kg) 
35b 
(min) 
39.51 
Iodine value 
(g I2 per 100 g) 
120c 
(max)  
 85 
CFPP 
(0C) 
- 5 
aEN 14103; bASTM D6751; cEN14214 
3.2.4.6 Energy consumption 
Energy consumption is one of the major factors for adopting technology. Taguchi optimized 
reaction condition reported only 2.12% hike in FAME yield. While the comparison of 
energy consumption between traditional acid catalyzed transesterification and cosolvent 
based transesterification revealed the novelty of newly optimized process. It is observed that 
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the cosolvent centered transesterification significantly reduced the operation time due to the 
better solubility that tackles the initial slow reaction rate. A reduction in operation time from 
280 min to 90 min was observed with cosolvent based acid catalyzed transesterification for 
maximum response. A set of experiments were performed with 15:1 (v/w), 10:1 (v/w) 
MTBE and THF in an optimised condition. Increasing MTBE concentration recorded no 
improvement in the rate of reaction. Whereas, THF: 10:1 (v/w), i.e., 1:1 v/v 
(solvent/cosolvent) accelerated the transesterification process and achieved the maximum 
FAME yield at 100 min. Further increase in THF concentration did not improve the reaction 
rate. According to the Taguchi generated interaction plots and Taguchi predicted results it 
was observed that under the influence of MTBE the reaction temperature of 45 0C 
accelerates the process. Similarly, reaction temperature 30 0C and 60 0C maximizes reaction 
rate for THF assisted transesterification. Traditional acid catalysis displayed better rate of 
reaction at 60 0C. The difference in the energy intake of various reaction condition for 
maximum FAME yield was plotted in Fig. 3.15. Fig. 3.15 depicted that co-solvent MTBE 
based transesterification measured the minimum energy consumption of 0.108 kWh per liter 
biodiesel production. THF (10:1 v/w) assisted method reported a minimum of 0.112 
kWh/liter.  
 
Fig. 3.15 Energy consumption at various reaction combination (solvent/lipid: 15:1; time: 
independent; Catalyst: 1.5 wt%) 
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similar to energy intake in microwave-assisted transesterification (Priyadarshi and Paul 
2018b; Choedkiatsakul et al. 2015). Again, the simplicity of the current process makes them 
a better candidate for commercialization. After considering the feasibility of various 
parameter combinations, the best combination was reported in Table 3.14. Solvent to lipid 
ratio: 15:1 (v/w), temperature: 45 0C, catalyst: 1.5 % (wt%), cosolvent: 5:1 (v/w) MTBE 
reported maximum FAME yield of 95.37% at 2.6 times less energy intake than traditional 
method. Solvent to lipid ratio: 15:1 (v/w), temperature: 30 0C, catalyst: 1.5 % (wt%), 
cosolvent: 10:1 (v/w) THF measured 95.31% FAME conversion with 0.141 kWh/liter 
energy intake. 
Table 3.14 FAME yield studies by different authors. 
Sample  Co-
solvent 
Catalyst Temperature 
(0C) 
Time 
(hours) 
Optimisation 
technique 
FAME 
conversion 
(%) 
Researcher 
Dried 
sludge 
- Acid 
catalyst 
- - Manual 72 (Olkiewicz 
et al., 
2014) 
 
Wet 
sludge 
xylene 
(1:1 v/v 
methanol) 
 
Sulfuric 
acid 
105 8 Manual 81.9 Choi et al., 
2014 
Crude O. 
Violaceus 
- Calcined 
porous 
calcite 
 
65 2 Manual 92.13 Wang et 
al., 2014 
Sewage 
sludge 
 NaOH 60 1 Manual 65.4 Urrutia et 
al., 2015 
 
Freeze 
dried 
sludge 
- Sulfuric 
acid 
45 12 Response 
surface 
method 
 
92.26 Kumar et 
al., 2016 
Waste 
cooking  
Oil 
- Chicken-
eggshell 
65 1.9 Response 
surface 
method 
 
98.97 Tan et al., 
2017 
Freeze 
dried 
sewage 
sludge 
MTBE 
(5:1 v/w 
lipid) 
 
Sulfuric 
acid 
 
45 
 
1.5 
 
Taguchi 
model 
 
95.37 
 
Present 
study 
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3.2.5 Conclusion remarks 
Taguchi model is simple to design and easy to access the outcomes. It estimates the 
probabilistic behavior of a structure based on the provided data. The plots established 
through model not only explain the behavior but also assist in improving production by 
considering the interactive effects between individual levels of factors. Model improved 
production by 2.12%, simultaneously, the cosolvent assisted (MTBE) process resulted in a 
considerable 2.6 times less energy consumption than conventional acid catalyzed 
transesterification. Both THF and MTBE found efficient as a cosolvent in maximizing 
reaction rate at low-temperature reaction. Present method is preferable as the energy cut 
observed without altering the instrumentation. Taguchi model precisely monitored the 
behavior of the transesterification process and predicted FAME yield with 2.82 % error. 
Study found the biodiesel wash is easier with MTBE as compared to THF due to the boiling 
point difference with methanol. Also, MTBE found as a better cosolvent, based on its ability 
to accelerate the transesterification process.  
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3.3 Single Phase Blend: An Advanced Microwave Process 
for Improved Quality Low-cost Biodiesel Production 
from Kitchen Food Waste3  
3.3.1 Coverage  
Accumulation and disposal of kitchen food waste is a substantial environmental issue due 
to the absence of appropriate reuse techniques. The present study developed a low-cost 
biodiesel production method and used Taguchi optimization technique to improve FAME 
yield. A single phase blend (oil, co-solvent and solvent mixture) was prepared and subjected 
to microwave irradiation to accelerate the initial slow reaction rate. Transesterification was 
carried out in a closed vessel under various temperature-pressure conditions. Overall 
process were shown in the reaction parameters were optimized through Taguchi model. 
Maximum FAME yield of 96.89 wt% was achieved at microwave cell pressure: 2.2 MPa, 
temperature: 170 0C, reaction time: 4 min and catalyst concentration: 0.5 wt% with single 
phase blend ratio 1:6:30 (oil: co-solvent: methanol). Methyl tert-butyl ether (MTBE) was 
used as co-solvent that contributed to maximum FAME conversion and produced glycerol 
tert-butyl ether (GTBE), a useful fuel additive as a byproduct. Improved cetane number 
observed for the kitchen food waste-derived biodiesel signifies the fuel of superior fatty acid 
structure. Maximum 85 wt% GTBE conversion was attained at 200 0C temperature and cell 
pressure 3.9 MPa at 10 min reaction time. Microwave irradiation method consumed 2.7 
times lesser energy than the conventional heating method.  
In the present biodiesel production process, microwave energy, co-solvent (MTBE: methyl 
tert butyl ether) and cell pressure enforced on oil to get maximum FAME yield. A blend of 
oil, solvent, and co-solvent (single phase blend) were prepared to increase the effectiveness 
of reaction. Taguchi optimization technique has been adopted to maximize FAME yield. 
Sufficient amount of pressure was generated inside the microwave cell to improve FAME 
property by eliminating traditional transesterification byproduct glycerol. The modified 
production process delivered a byproduct GTBE (glycerol tert butyl ether), i.e., beneficial 
in terms of improved CN (cetane number). The impacts of temperature and pressure to avoid 
additional modification in the original instrument were studied. Energy intake in 
conventional process and microwave assisted closed vessel reaction were established. 
                                                 
3 Priyadarshi, D., Paul, K. K., 2018b. Single Phase Blend : An Advanced Microwave Process for Improved 
Quality Low-Cost Biodiesel Production from Kitchen Food Waste. Biochemical Engineering Journal 137, 
273–83. https://doi.org/10.1016/j.bej.2018.06.006. 
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Preparation of single phase blend (oil: cosolvent (MTBE): solvent (methanol)) was needed 
for fast reaction and to avoid the installation of extra equipment or modification in a 
microwave reactor. The uniformity in the blend can ensure better reaction, performance and 
solidity to resulting FAME.  The equipment used for blending is decided in accordance with 
the nature of liquids.   
3.3.2 Study foundation 
The BIOX method is getting popularity as it requires little or no catalyst contribution to the 
production of biodiesel (Boocock et al. 1996). It deals efficiently with high FFA sample and 
also performs a quick reaction to produce FAME (fatty acid methyl ester). Use of cosolvent 
can be justified because the solubility of cosolvent in reactant and solvent phase developed 
better dispersion of triglyceride in a solvent. This provides easy accessibility and diffusion 
of the reactant to the active catalyst sites. However, Lower FAME yield reported with an 
excess amount of cosolvent in the reaction mixture (Lam and Lee 2013). Microwave 
irradiation is an efficient heating method that accelerates the FAME production, 
considerably. Co-solvent and microwave irradiation can accelerate the mass transfer issue 
and product formation at quick duration. Details regarding microwave process are 
summarized in section 2.3.  
Yazdani and Gonzalez (2007) stated that the huge growth of biodiesel manufacturing had 
credited a large volume glycerol production. This may cause an excess of crude glycerol in 
the next five years (Yazdani and Gonzalez 2007). Therefore, require innovative approaches 
to convert crude glycerol into value-added chemicals like glycerol tertiary-butyl ether 
(GTBE), as exceeding crude glycerol accumulations are categorized as waste with 
additional dumping cost. Again, methyl tertiary-butyl ether (MTBE) is an anti-knocking 
agent that has been partially banned due to its toxicity and tendency to contaminate 
groundwater (Amigun et al. 2008). MTBE dissociates into isobutene and methanol at reactor 
temperature between 90 °C to 160 °C (Al-Jarallah et al. 1988). The undissociated MTBE 
and dissociation byproducts can be recycled to MTBE synthesis. The by-products are 
oligomers of isobutene and tertiary butyl alcohol (Keyworth and McFarland 1988). At 
certain reaction condition isobutene and tertiary butyl alcohol can react with glycerol to 
produce GTBE (Serio et al. 2010; Huang and Kim 2015). TBA formation can be achieved 
through the reaction between MTBE dissociation product, i.e., isobutene and H2O (Huang 
and Kim 2015). The etherification reaction for GTBE formation from glycerol occurs under 
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the catalytic influence at a temperature and pressure range 60-90°C and 8-20 bar (0.8-2 
MPa), respectively (Dhumal et al. 2016). On the other hand, GTBE is a safer option than 
MTBE as it is immiscible with water which reduces the probability of contaminating 
groundwater (Behr et al. 2008). GTBE as fuel additive accelerates the ignition process and 
significantly reduce particulate matter and CO2 emission during engine performance 
(Piasecki et al. 1997; Jaecker-Voirol et al. 2013).  
3.3.3 Experimentation 
3.3.3.1 Chemicals and instruments 
The HPLC grade methanol (99.9%), hexane (99%) and a standard solution of high purity 
FAMEs (18919-1AMP) consist of methyl ester (C4–C24 comprising of 37 methyl ester 
components) of Sigma-Aldrich were used. Sulfuric acid was purchased from Merck with 98 
% purity. Tert butyl methyl ether (MTBE:: chemical formula: (CH3)3COCH3; boiling point: 
55.3 0C; density: 0.74 g/cm3; viscosity (25 0C): 0.36 cP; purity: >99%) were purchased from 
Merck, India. The GTBE comprised of components, i.e., mono, di and tri tert butyl ethers 
(purity: 96 %) were purchased from Santa cruz biotechnology.Inc.  
3.3.3.2 Sample preparation 
Kitchen food waste was collected from two restaurants on the college campus of National 
Institute of Technology, Rourkela, India. In this study, KFW (kitchen food waste) refers to 
the gravy portion of chicken, paneer, and mixed curries. Initially, KFW was collected and 
taken to the laboratory. Collected wastes were centrifuged at 4000 rpm till the liquid 
separation takes place (10 min). After phase separation settled solid part (lower) and liquid 
part (upper) were collected separately. The settled solid KFW were subjected to oven drying 
and then ‘extracted lipid using soxhlet method’ as described by Priyadarshi and Karar 
(2017) (Priyadarshi and Paul 2017a). Lipid yield of 28.5 % was recorded. The upper liquid 
(oil+water) part was again centrifuged as it contains water and oil. The centrifugation 
chamber temperature was maintained at 3 0C before this operation because the oil phase has 
a pour point of -1 0C. Centrifugation at 4000 rpm and 3 0C temperature for 10 min (5 min 
batch repeated 2 times) was performed in order to accelerate the phase separation process. 
At low-temperature, water starts freezing in the water-oil mixture that helps it to settle at 
the bottom of the cell and oil portion was recovered from the upper layer. Both lipid and 
recovered oil phase were properly mixed at 1:1 proportion (KWO: waste kitchen oil) and 
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subjected to transesterification. The free fatty acid content of 7.13% was measured for 
KWO. KWO properties were detailed in Table 3.16. 
3.3.4 FAME production with microwave technology 
3.3.4.1 Microwave reactor specification 
In this study, the initiative was taken to use the microwave reactor for the production of 
biodiesel. The process was conducted without any modification to the instrument. 
Microwave specification were given in Table 3.15. 
Table 3.15 Microwave reactor key specifications. 
Manufacturer Milestone 
Model START D/START SYNTH 
Maximum power 1200 watt 
Sensers Thermo couple 
Senser capacity Maximum 300°C temperature and 55 bar pressure 
Microwave cavity 37 x 34.5 x 33.5(h) cm and stainless steel housing with multi-layer 
PTFE plasma coating 
Safety Interlocks 4 micro-switches to prevent microwave emission with 
door open 
Microwave distribution Microwave diffuser located above the microwave cavity evenly 
distributes microwaves throughout the cavity, preventing localized 
hot and cold spots 
Cooling Heavy duty air flow system/ Vessel can be cooled in a water bath 
(cooling time less than 10 min) 
 
3.3.4.2 Single phase blend preparation 
High shear and turbulent mixing are required  to achieve a single phase mixture. Therefore, 
Tarson spinix-vortex shaker was used for effective mixing. The uniformity of reaction 
mixture can influence the stability, performance, and yield of the resulting product. Stable 
homogeneity was achieved through the strong turbulent mixing of 1 liter of the sample for 
30 seconds. 
After blending oil, cosolvent, and solvent in different proportions, the mixture was allowed 
to get settled. Fig. 3.16 shows the single phase blend in comparison to traditional blend after 
a settlement time of 1 hour. The time is chosen as the microwave reactor normally takes 10 
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sec to 120 sec to reach the desired temperature (trail temperatures: 60 - 150 0C ). Prepared 
single phase blends stability were verified by centrifugation of mixtures for 1 min at 4400 
RPM. Blends with no or minor phase separation opted for transesterification. The selected 
blends were given in Table 3.17. Levels used in Table 3.17 were listed in Table 3.18. 
Table 3.16 Properties of recovered oil from kitchen food waste (KWO), biodiesel without GTBE 
(KWOB) and biodiesel with 2.5 % GTBE. 
Properties Units Standard 
methods 
KWO Biodiesel 
standard 
(EN 14214) 
KWOB KWO+ 
2.5% 
GTBE 
Ester 
content 
wt% EN14103 - 96.50 97.01 - 
Density at 
15.5 0C 
Kg/m3 ISO 3675 927 860-900 875-882 872-878 
Calorific 
value 
Mj/kg ASTM D240 - 35 39.2-
41.5 
38.8-41.2 
Kinematic 
viscosity at 
40 0C 
mm2/s EN ISO 3104 58.59 3.5-5.0 4.41 4.33 
Cetane 
number 
- ASTM 
D6890 
- 51 54-56 59 
Acid value mg 
KOH/g 
EN 14104 14.2 0.50 0.13± 
0.05 
- 
Iodine 
value 
g I2/100 
mg 
EN 14111 - 120 (max) 78 75 
Flash point 0C D93 - 120 (min) 180 176 
CFPP 0C EN 116 - - -6 -7 
Ash 
content 
wt% - - - 0.19 - 
Moisture 
content 
wt% ASTM 
D3277-95 
3-6  500 (Max) 100 - 
 83 
 
 
 
Fig. 3.16 Oil, methanol and MTBE blends a) ineffective blend b) successful single phase blend, 
after settling time of 1 hour 
3.3.4.3 Transesterification using microwave reactor 
The closed cell microwave operation was carried out for the production of FAME. Blend 
for microwave operation was prepared as mentioned in section 3.3.4.2. Methanol and MTBE 
were mixed in a beaker. Then KWO (waste kitchen oil) and the prepared mixture (methanol 
and MTBE blend) were mixed using magnetic stirrer for 1 min. The microwave reactor 
operation condition was entered. After the system is ready for operation, the prepared 
mixture was put in the microwave cells and vibrated on a turbulent shaker (Tarson spinix-
vortex shaker) for 1 minute to mix them thoroughly. The cell was fitted to the microwave 
reactor holding panel and subjected to microwave irradiation. To maintain uniformity of 
single phase mixture minimum delay between blend preparation and microwave irradiation 
was preferred.   
3.3.4.4 Taguchi optimization for microwave transesterification 
Taguchi model is efficient in optimizing the transesterification parameters (Priyadarshi and 
Paul 2017b). This statistical model can predict biodiesel yield by performing fewer 
experiments. It avoids excess time and labor. In this study, four number of transesterification 
parameters, i.e., reaction temperature, time, catalyst concentration and reaction blend ratio, 
each consist of four level were optimized. Experiments were performed according to the 
Taguchi model designed L16 orthogonal array. The observed experimental yield was fed 
into software (Minitab, 2017) and analyzed to establish the most efficient reaction 
a b 
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combination in terms of SN ratio (signal to noise ratio). Taguchi model generates an 
ANOVA (analysis of variance) table to display the contribution of parameters in the 
production method. 
3.3.4.5 Analysis of FAME and GTBE  
Recovered KWO was stored in a desiccator for 6 hours. The moisture content of oil was 
determined using test method ASTM D6304. Gas chromatograph-Mass spectroscope (GC-
MS) was used to determine the fatty acids composition of the oil. GC-FID (flame ionization 
detector) was used to quantify the fatty acid methyl esters. Physico-chemical properties of 
KWO and standards followed were also summarized in Table 3.16. GC-FID peaks for tert 
butyl alcohol (TBA), tri tertbutyl ether, di tert butyl ether, mono tert butyl ether were 
observed at 5.1, 5.8, 6.4 and 7.0 min. Standard method ASTM D6890 followed to determine 
CN using ignition quality tester (Stanhope-Seta, Model: 92000-3, Accuracy: ±1).  
3.3.5 Results and discussion 
3.3.5.1 FAME conversion in microwave technology 
Single phase blends were subjected to transesterification in various temperature and 
pressure conditions. The FAME conversion in different conditions are summarized in Table 
A3.1. Results strongly reject the blend 1:1:4, 1:2:8 and 1:2:16 of 10 min operation time. 
Blends 1:1:4, 1:2:8 and 1:2:16 delivered maximum 42.04 %, 42.44 % and 65.56 % of FAME 
yield, respectively. Low methanol concentration resulted in a reduction of FAME yield. 
Blends 1:4:20, 1:5:20, 1:5:24, 1:6:30 achieved satisfactory FAME conversion at microwave 
temperature 80 0C, 110 0C and 150 0C. Relatively less yield attained at microwave 
temperature 60 0C for all blends due to low-pressure operation. At reaction temperature 60 
0C, only MTBE evaporates and contributes to pressure rise and reaction progress. MTBE 
evaporation certainly affects the solubility and slows down the rate of reaction as methanol 
is insoluble. Maximum 93.11 % FAME conversion achieved for blend 1:5:24. These 
experiments were performed for a residence time of 5 min and 1 wt% catalyst concentration. 
Transesterification is a first order reversible chemical reaction. Therefore, a larger 
microwave residence time than optimum time can yield low biodiesel. In the absence of 
stirrer, molecular collision due to temperature rise and hence evaporation causes reaction 
progress. Temperature more than 110 0C, trigger the transesterification process by fast 
evaporation of moisture that hinders the esterification process. Also, the generated pressure 
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of about 4.8 bar accelerates the molecular collision. This liquid-gas reaction phenomenon is 
called chemical absorption. 
Table 3.17 Actual and predicted FAME yield at various reaction conditions (Initial 16 reactions 
represents Taguchi model based L16 design and rest are randomly performed experiments to 
analyze model efficiency) 
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FAME 
yield 
FAME 
SN ratio 
Predicted 
FAME 
yield 
 
GTBE 
yield 
 
Cetane No 
1 1 1 1 1 63.51 36.05 62.31 0 53 
2 1 2 2 2 73.26 37.29 72.1 3.7 54 
3 1 3 3 3 85.09 38.59 86.86 18.2 57 
4 1 4 4 4 90.79 39.16 91.35 36.8 58 
5 2 1 2 3 69.51 36.84 70.07 0 54 
6 2 2 1 4 69.98 36.89 71.75 0 54 
7 2 3 4 1 91.69 39.24 90.53 27 57 
8 2 4 3 2 93.13 39.38 91.93 33.2 57 
9 3 1 3 4 80.0 38.06 78.84 0 55 
10 3 2 4 3 88.8 38.96 87.6 4.1 55 
11 3 3 1 2 79.95 38.05 80.51 1.1 54 
12 3 4 2 1 93.78 39.44 95.55 5.6 57 
13 4 1 4 2 75.26 37.53 77.03 0 55 
14 4 2 3 1 88.72 38.96 89.28 3.2 56 
15 4 3 2 4 90.55 39.13 89.35 23.5 56 
16 4 4 1 3 90.89 39.17 89.73 3.9 56 
17 4 4 4 1 96.41  101.14 45.35 59 (58.2*) 
18 4 4 3 1 96.89  101.24 37.5 58* 
19 4 3 2 1 91.11  90.95 - - 
20 4 3 3 1 93.19  95.91 - - 
21 3 3 4 1 93.02  95.09 - - 
22 3 4 3 1 96.84  100.51 37.1 58* 
23 3 4 4 1 96.39  100.41 42 59 (58.7*) 
24 3 3 3 1 92.71  95.19 - - 
25 3 2 3 1 85.66  88.56 - - 
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26 2 3 3 1 91.35  90.63 - - 
27 2 4 3 1 94  95.96 - - 
28 2 4 4 1 94.1  95.86 - 58 
29 1 3 4 1 90.22  87.62 - - 
30 1 4 3 1 93.2  93.04 - - 
31 1 4 4 1 92.8  92.94 - - 
32 1 3 3 1 92.92  87.72 - - 
33 4 4 2 1 96.83  96.28 - - 
Residual error: 1.46 % (Table 8); Prediction error: 0.68 % (Calculated from 33 runs) 
*Taguchi predicted value 
 
Table 3.18 Levels used in Table 3.17 
Level Blend ratio (v/v) 
(Oil:MTBE:MEOH) 
Temperature (0C) Time (min) Catalyst (wt%) 
1 1:4:20 80 1 0.5 
2 1:5:20 110 2 0.75 
3 1:5:24 150 4 1 
4 1:6:30 170 6 1.5 
The pressure rises up to 3.1 bar (0.3 MPa) at temperature 80 0C. Temperature 110 0C and 
150 0C witnessed maximum 4.8 bar (0.48 MPa) and 12.6 bar (1.2 MPa) pressure rise, 
respectively. Further increasing temperature up to 164 0C, the cell pressure reached 16.5 bar 
(1.65 MPa) for blend 1:6:30. Generally, transesterification results in FAME as the main 
product, glycerol, and water as a side product. At or above 1.65 MPa cell pressure another 
byproduct GTBE was formed and verified in GC-MS. The present study analyzed the 
reaction temperature and pressure responsible for the production of GTBE. The cell pressure 
increases with the increase in temperature. Initial GTBE formation was observed at 1.6 MPa 
cell pressure. The rise in pressure further, accelerated the etherification of glycerol formed 
during the transesterification process. The entire process is supported by MTBE which 
dissociates into isobutene and methanol to react with glycerol under 1.6-2.1 MPa cell 
pressure. The GTBE formation in such condition correlates with the study done by 
DHUMAL et al. (2016). Microwave irradiation fast-tracked the etherification process. 
Biodiesel properties were given in Table 3.16. 
3.3.5.2 Taguchi optimization 
Taguchi model was opted to find the largest yield in minimum time. Reaction parameters 
were optimized using Taguchi model to observe the influence of the parameters in closed 
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vessel microwave-assisted cosolvent based acid catalyzed transesterification. Reaction time, 
temperature, catalyst concentration, sample blend ratio were optimized for improved 
biodiesel production as shown in Table 3.17. Hence, Taguchi model was used to optimize 
various parameters involved, i.e., microwave temperature, residence time, blend ratio and 
cell pressure in the transesterification reaction. This statistical model is efficient in the 
optimization of biodiesel parameters (Priyadarshi and Paul 2017b). The coefficient of 
determination R2: 98.5 % and R2 (adjusted): 92.7 % represents the significance of Taguchi 
model. The obtained main effects plot for SN ratio in Fig. 3.17 explain the variation in yield 
with a change in the level of reaction parameters. The model suggested maximum yield (in 
terms of FAME conversion in quick reaction time) at temperature: 170 0C, time: 4 min, 
catalyst concentration 0.5 % with blend 1:6:30. Relatively higher yield (predicted yield: 
101.24 %) in short reaction time than all manually performed experiments (Table A3.1 and 
Table 3.17) were recommended by Taguchi model. The correctness of yield prediction was 
cross-checked by performing experiments. Practically, 96.89 % (predicted value: 101.24 %) 
conversion achieved at optimized transesterification condition. Next, to this, 96.84 % 
(predicted yield: 100.51 %) of FAME yield attained with blend ratio 1:5:24. The accuracy 
of Taguchi model was further visualized in Table 3.17 by comparing 33 number of 
experimental yield (actual yield) with predicted yield. Taguchi method enhanced FAME 
yield by 3.11 % as compared to the manual approach.  CN obtained for biodiesel were 
summarized in Table 3.17. The coefficient of determination R2: 98.4 % and R2 (adjusted): 
92.0 % for CN represents the significance of the model. Higher CN indicates fuel of better 
quality.  
ANOVA (analysis of variance) of FAME production was given in Table 3.19. The delta 
value shows the change in FAME conversion by varying level of parameters. The significant 
influence of parameters was identified with a p-value less than or equal to 0.05. FAME yield 
was found significantly influenced by blend ratio (p=0.050), temperature (p=0.006) and 
reaction time (p=0.025). Accordingly blend ratio, temperature, time and catalyst 
concentration has 13.48 %, 60.93 %, 22.28 % and 1.83 % contribution, respectively in the 
production process. In all performed catalyst concentration i.e., 0.5 %, 0.75 %, 1 % and 1.5 
% no significant variation in FAME yield was observed. 
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Fig. 3.17 Main effects plot for SN ratios of transesterification parameters 
At low temperature, catalyst powered the FAME conversion. However, the high-
temperature operation, i.e., reaction temperature of more than 150 0C are controlled by 
induced vapor pressure. Hence, variation in catalyst concentration not affected the overall 
reaction considerably. The excess catalyst generally speeds up the reaction. On the other 
hand, an increase in catalyst concentration in microwave closed vessel operation darken the 
color of biodiesel as shown in Fig. 3.18. Catalyst more than 0.9 % also resulted in an increase 
in viscosity that may set the difficulty in fuel injection during engine performance. The color 
variation is in agreement with a study done by Leung and Guo (Leung and Guo 2006). 
Percentage contribution (equation 3.1) of reaction parameters were determined from the 
ANOVA table (Table 3.19). Total seq SS (sequential sums of squares) and seq SS values 
are summarized in Table 3.19. 
Percentage contribution =  
Seq SS of respective parameter
Total Seq SS
× 100 … … … … … … (3.1) 
ANOVA for cetane number (Table A3.2) observed a significant effect of temperature 
(p=0.007) and time (p=0.015). Whereas, the impact of blend ratio (p=0.493) and catalyst 
concentration (p=0.203) were negligible. Fig. 3.19 depicts 170 0C temperature and increased 
reaction time resulted in improved CN. This improved CN cause due to the formation of a 
sufficient amount of GTBE during transesterification as shown in Fig. 3.20. As the FAME 
conversion proceeds towards higher percentage with the minimum percentage of 
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triglycerides and diglycerides left, improvement in cetane rating observed (Fig. 3.21). The 
significance of model for CN were cross-checked with an experiment. For blend ratio: 
1:5:24, temperature: 170 0C, time: 6 min and catalyst concentration: 0.5 wt% 58.25% GTBE 
conversion predicted. Experiment obtained a CN of 59 with 42% GTBE conversion.   
Table 3.19 ANOVA of FAME conversion. 
Source Delta DF Seq SS Adj SS Adj MS F P 
 
% age 
contribution  
Blend ratio 0.92 3  2.343 2.343 0.7811 9.23 0.050 13.48 
Temperature 2.17 3 10.588 10.58 3.5293 41.71 0.006 60.93 
Time 1.20 3 3.873 3.873 1.2910 15.26 0.025 22.28 
Catalyst 0.36 3 0.318 0.318 0.1060 1.25 0.429 1.83 
Residual 
Error 
- 3 0.2539 0.2539 0.08462        1.46 
Total - 15 17.376   
 
3.3.5.2.1 Effect of microwave temperature  
Better solubility and enhanced methanol concentration favored the reaction as shown in 
Table A3.1 and Table 3.17. On the other hand, Taguchi model derived main effect plot for 
SN ratio (Fig. 3.17) states that increasing temperature showed improved yield in less 
microwave residence time. Microwave reactor set at and above 150 0C improved FAME 
yield at less than 4 min. Temperature less than 110 0C requires longer residence time due to 
low vapor pressure inside the vessel. However, high temperature sets the subcritical 
condition for rapid conversion.  
3.3.5.2.2  Effect of blend ratio and residence time 
The oil-lipid mixture, MTBE, and methanol were blended in various proportions. MTBE in 
blend leads to better miscibility between oil and solvent that avoid mass transfer problem 
and accelerates the initial stage of FAME conversion. It was observed for all single phase 
blend, i.e., 1:4:20, 1:5:20, 1:5:24 and 1:6: 30 more than 63% (Table 3.17) of FAME 
conversion takes place during the first minute of microwave operation, when methanol and 
MTBE transforms into gaseous phase. Increase in methanol and MTBE concentration 
triggered the conversion process due to the higher number of molecular collision. Other than 
solubility enhancement, MTBE also contributes as it dissociates into methanol under the 
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influences of an acid catalyst, microwave irradiation and developed cell pressure. This 
dissociation takes place at the beginning of microwave transesterification. 
3.3.5.2.3 Effect of catalyst 
No significant contribution (p<0.05) of catalyst concentration (p=0.429) was observed 
during Taguchi optimization (Table 3.19). At the second level (0.75 % sulfuric acid) a 
decrease in FAME yield was observed (Fig. 3.17). However, practically no sharp reduction 
in yield has been noted. At higher (>150 0C) reaction temperature sufficient pressure (>1.1 
MPa) was generated to drive the reaction, yet catalyst improves the rate of reaction by 
performing transesterification of FFA. Presence catalyst in reaction mixture has a major 
contribution in low-temperature reaction and in the dissociation of MTBE into isobutene 
and methanol. Excluding the transesterification process, sulfuric acid in reaction mixture 
has an essential role during the formation of GTBE as described in section 3.3.  
 
Fig. 3.18 Change in biodiesel appearance with catalyst concentration (sulfuric acid) in microwave 
assisted closed vessel transesterification 
3.3.5.3 Reaction dynamics of FAME production and GTBE formation 
In general, the transesterification process carried out with oil, methanol and catalyst mixture 
faces slow reaction rate at the initial phase, i.e., conversion of the large concentration of TG 
into DG. Subcritical methanolysis acquires a higher rate of reaction (Glisic and Skala 2010). 
An increase in solubility of reaction mixture achieved subsequently with the conversion of 
TG into DG and DG into MG. The prime factor limiting the reaction rate is immiscibility 
of oil phase in methanol (Boocock et al. 1996; Lam and Lee 2013). Single phase blend was 
prepared to improve the solubility of the reaction mixture to counter the slow reaction rate 
at the initial stage of transesterification. In general, transesterification is divided into the 
two-stage reaction, 1) mass transfer of reactants 2) chemical reaction of mixture elements. 
Mixing intensity is another prime parameter during the initial stage of transesterification as 
0.5% 3% 2% 1% 0.9% 0.8% 0.7% 
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it limits the mass transfer problem (Roy et al. 2014). In this study, a certain proportion of 
MTBE (section 2.3.2) in reaction mixture provided access of methanol into an oil phase and 
tackled mass transfer issue. Oil, methanol, sulfuric acid, and MTBE were mixed in a 
turbulent shaker offered easy access of methanol into the oil phase. Then reactants were 
subjected to microwave irradiation. It induced molecular friction through electromagnetic 
waves that carry energy along the direction of propagation. During energy propagation, the 
wave changes direction 2450000000 times results in an enormous molecular collision to 
accelerate the reaction. The heating pattern of microwave irradiation dissimilar to 
conventional heating that impacts the most during transesterification. Traditional heating 
generates from a particular section, whereas microwave heating is random that creates 
vibration in reaction mixture (Gude et al. 2013). 
Single phase blend, i.e., 1:6:30 and 1:5:24 after 40 sec of microwave process attained more 
than 80 % FAME yield. Large FAME yield in short duration is a product of single phase 
reaction mixture. It prompts molecular collision during evaporation of methanol 
accompanied by microwave irradiation. Rahimi et al. (2016) had achieved 98.8% of FAME 
conversion using co-solvent (hexane) in just 9 sec residence time (Rahimi et al. 2016). 
Choedkiatsakul et al. had also obtained a 99.4% yield at 1.75 min reaction time using NaOH 
as a catalyst (Choedkiatsakul et al. 2015). This quick conversion resulted may be due to low 
FFA content of oil (FFA content has not given by author; Base catalyst chosen over the acid 
catalyst for the process may be due to low FFA). It was also observed during the study that 
microwave operation at 170 0C takes 50-70 second to reach 2.2 MPa cell pressure. In the 
absence of additional modification like stirring unit, cell pressure has a more significant 
influence on the overall chemical reaction. Therefore, slightly higher residence time 
recorded, nevertheless it has reduced energy consumption during the production as 
described in below section. FAME conversion with respect to time, temperature and catalyst 
concentration are described in Table A3.1 and Table 3.17.  
Maximum FAME yield attained at reaction temperature 170 0C and 2.2 MPa pressure. 
Further increase in temperature to 200 0C did not affect the FAME yield in 3 min operation. 
However, reduction in FAME yield was recorded for larger residence time. But growth in 
GTBE conversion witnessed (up to 3.4 wt% of FAME), and a negligible amount of glycerol 
was recovered after 10 min of reaction. Pressure rise of 3.9 MPa (sensor recorded) which 
may be responsible for the fast transformation of glycerol into GTBE under microwave 
heating. The study is firmly in agreement with DHUMAL et al. (2016) (Dhumal et al. 2016).  
 92 
 
After the first minute of operation, glycerol formation starts. Simultaneously, MTBE 
dissociates into isobutene and Methanol under the influence of acid catalyst is shown in Fig. 
3.22, and explained by equation (3.4). Equation (3.2) and (3.3), represents the main reaction 
of GTBE formation from crude glycerol. GTBE formation with a change in reaction 
parameter is in Table 3.17. GTBE percentage rises with a rise in temperature and time (Fig. 
3.23). GTBE calculation was done by subtracting glycerol left unconverted from total 
glycerol formed at normal condition. In this study glycerol and isobutene, interaction takes 
place initially. In the next step, moisture present in the reaction mixture comes in contact 
with isobutene (dissociated from MTBE) to form TBA. TBA reacts with glycerol to form 
GTBE more readily than isobutene. Conversion of biodiesel with cell pressure and 
microwave residence time are shown in Fig. 3.24. Further, experiments were performed to 
analyze the influence of water content and cell pressure during GTBE production. Crude 
glycerol was used to study the effects as shown in Fig. 3.25. The moisture content of 5% 
displayed better GTBE conversion of 85 wt% at 10 min residence time. Further increase in 
water content has no addition to GTBE yield. On the other hand, it hinders the biodiesel 
production process. It is also observed that the increase of GTBE conversion from 0 to 42 
% in FAME is directly proportional up to CN: 59. Further increase of GTBE in FAME 
displayed no improvement in CN. 
3.3.5.3.1 FAME analysis of KWOB 
The produced FAME properties were summarized in Table 3.16. Results indicate that 
obtained FAME met EN and ASTM biodiesel standards. The key biodiesel properties like 
density, kinematic viscosity, acid value, and iodine value are well according to international 
standards. These properties are controlled by the fatty acid profile of KFW. GC-FID analysis 
measured 15.60 %, 60.96 %, 13.45 %, 3.23 % and 6.74 % of C16:0, C18:1, C18:2, C18:3 
and C20:1 methyl esters, respectively. Low saturated fatty acid content resulted in better 
CFPP of -6 0C. Low CFPP improves the cold weather performance of biodiesel. FAME 
detected more than 80 % unsaturation in biodiesel with a high concentration of oleic acid. 
Mono-saturated fatty acid (60.96 %) improves the overall properties as well as performance 
and emission characteristics. High mono-unsaturated fatty acid improves cetane rating and 
lowers iodine value that favor engine performance and reduced emission, respectively 
(Ramos et al. 2009). Formation of GTBE observed over microwave cell temperature 160 
0C. This GTBE act as an additive to biodiesel that enhances cetane rating. Improved FAME 
property witnessed for biodiesel produced in high pressure-temperature conditions as it 
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produced GTBE. The variation in biodiesel physicochemical properties with (2.5 wt%) and 
without GTBE addition as summarized in Table 3.16. Further increase in GTBE proportion 
in biodiesel measured glycerol content of 0.025 % that exceeds the EN 14214:2003 
specification. Glycerol portion readily polymerizes at high temperature, hence clogs in the 
engine filter and few portion gets oxidized. Key biodiesel properties, i.e., kinematic 
viscosity (KV) reduced from 4.41 to 4.33 cSt, iodine value (IV) decreased from 78 to 75 g 
I2/100 mg at 2.5 % GTBE in biodiesel. Reduced KV provides better fuel injection during 
engine performance. Low iodine value is associated with less greenhouse gas emission.  
Traditional transesterification byproduct glycerol, in biodiesel, causes difficulty during 
engine performance. Whereas, obtained byproduct GTBE considered as a fuel additive to 
enhance the performance and emission. Lower ignition delay (ID) is related to high CN and 
hence better performance and therefore, less nitrogen oxide formation during combustion. 
GTBE conversion in FAME maximized CN up to 59. Low ID value stands for less 
particulate and greenhouse gas emission (Balakrishnan et al. 2016). A highly cleaner fuel 
can be structured through the addition of GTBE. CN obtained for current biodiesel is higher 
than trending sunflower oil (51.9), jatropha (55.7), mahua oil (56.9), karanj oil (55.4) and 
Cottonseed oil-based biodiesel (Balakrishnan et al. 2016).  
 
Fig. 3.19 Influence of temperature and time on cetane number 
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Fig. 3.20 Impact of temperature and GTBE conversion on cetane number 
 
Fig. 3.21 Change in cetane number with FAME conversion and reaction temperature 
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Fig. 3.22 GTBE formation during FAME production 
 
Fig. 3.23 GTBE conversion with reaction temperature and time 
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Fig. 3.24 Variation in biodiesel conversion at different cell pressure and time 
 
Fig. 3.25 Influence of moisture content and cell pressure on GTBE formation at 10 min reaction 
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almost equal energy consumption, i.e., in range 75.6-86.4 KJ. However, the energy required 
to reach the desired temperature varies according to set temperature, which is not included 
in the calculation. The calculation is in accordance with a large scale continuous process 
where the temperature remains at the desired range. Here, the cell temperature is maintained 
constant throughout the process. After attaining the desired temperature, the energy required 
to maintain that temperature was recorded. Overall energy intake of 90 KJ (max) measured, 
including single phase blend preparation. Considering 96 % FAME conversion, 0.088 KWh 
energy consumption were measured per liter of biodiesel production. This value is lower 
than the value obtained in the previous microwave assisted biodiesel synthesis such as 
0.1167 kWh/lit by Choedkiatsakul et al., 2015 (Choedkiatsakul et al. 2015), 0.1132 kWh/lit 
by A. Tangy et al., 2017 (Tangy et al. 2017). Current study reduced energy consumption by 
replacing mechanical stirrer unit through single phase formation and microwave irradiation 
that cause molecular friction. Once the desired temperature is achieved, steam generated 
inside the pressure vessel maintains the temperature. Hence, comparatively less energy 
consumed than other microwave based methods. The effective microwave penetration depth 
of 27 cm, and maximum power of 1000 watt is considered. For the conventional stirring 
method, operated at 60 0C and Taguchi optimized reaction blend, 1 % catalyst concentration 
achieved maximum 93.3 % biodiesel yield after 2.5 hours of the transesterification reaction. 
Significantly higher energy consumption of 248.4 KJ recorded by an energy meter. 
Conventional method has 2.7 times higher energy intake than closed vessel microwave 
irradiation method. On an average, 18 KJ energy per minute required to maintain the desired 
temperature in microwave method.   
However, the processing of raw material needs relatively high energy. Centrifugation at 
room temperature requires 14.4 KJ energy per minute. Whereas, centrifugation at 3 0C 
consumes 21.6 KJ per minute. In this way, pre-treatment of kitchen food waste (KFW) 
demands nearly 360 KJ energy. Overall, production process spends substantially low 450 
KJ energy in microwave transesterification as compared to conventional heating process.  
3.3.6 Conclusion remarks 
Modified microwave process for biodiesel production using a single phase blend prevents 
the initial slow rate of reaction. The process is designed in order to develop suitable pressure 
inside the vessel for an effective molecular collision that favor transesterification at a later 
stage. Reaction pressure 1.6 MPa to 3.9 MPa under the influence of heating pattern and acid 
catalyst has produced byproduct GTBE. The GTBE-biodiesel blend presents improved CN 
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that upgrades engine performance. Taguchi optimized condition increased FAME yield by 
3.1% along with 37.5% GTBE conversion. Previously studied microwave methods prefer 
moisture free sample whereas, single phase blend method can progress effectively in the 
presence of moisture. This method has been implemented efficiently up to 5 % KWO 
moisture content. The study measured significantly low energy consumption and 
transesterification time in this advanced microwave process. Microwave irradiation method 
consumed 2.7 times lesser energy than the conventional heating method. Kitchen food waste 
evolved as a rich biodiesel source with a well-organized fatty acid structure that advances 
biodiesel properties. Produced biodiesel rich in monounsaturated fatty acids resulted in 
improved cold weather property and engine performance. Most importantly, biodiesel from 
kitchen waste can encourage society not disposing the waste in streamline and open ground. 
The entire process from the collection of food waste to biodiesel characterization was shown 
in Fig. 3.26. 
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Fig. 3.26 Modified microwave process through the diagram 
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Table A3.1. FAME conversion of blends at various reaction temperature. 
Oil: MTBE: MEOH (v/v) Temperature (0C) FAME conversion in 
Microwave method (wt%) 
1:1:4 60 
80 
110 
150 
35.55 
43.15 
42.39 
42.04 
1:2:8 60 
80 
110 
150 
36.11 
44.98 
42.87 
42.44 
1:2:16 60 
80 
110 
150 
39.23 
69.77 
65.70 
65.56 
1:3:16 60 
80 
110 
150 
39.27 
75.51 
77.68 
79.06 
1:4:20 60 
80 
110 
150 
41.06 
73.46 
84.11 
91.93 
1:5:20 60 
80 
110 
150 
41.43 
80.29 
84.01 
92.24 
1:5:24 60 
80 
110 
150 
41.84 
83.38 
90.94 
93.11 
1:6:30 60 
80 
110 
150 
42.89 
87.92 
91.83 
92.51 
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Table A3.2. ANOVA for cetane number. 
Source DF Seq SS Adj SS Adj MS F P 
Blend ratio 3 0.01276 0.01276 0.004253 1.02 0.493 
Temperature 3 0.45127 0.45127 0.150422 36.11 0.007 
Time 3 0.27190 0.27190 0.090632 21.75 0.015 
Catalyst 3 0.03610 0.03610 0.012033 2.89 0.203 
Residual 
Error 
3 0.01250 0.01250 0.004166 
Total 15 0.78452  
 
  
 102 
 
3.4 Standard Ultrasonic Irradiation Method for Cost-
Effective Biodiesel Production from a Wide Range of 
Raw Materials 
3.4.1 Coverage 
Commercialization of biodiesel is an essential requirement as well as a challenge. The study 
developed an ultrasonic irradiation process for biodiesel production. The parameters of 
biodiesel production were further optimized. Probe sonicator assembled with a booster of 
processing capacity 20 liters was used in batch mode transesterification. Present study 
introduced reaction kinematic viscosity that significantly ease the process and accelerate the 
transesterification duration by 4-5 times for sample with free fatty acid (FFA) content>7%. 
Ultrasonic method in combination with co-solvent improved the reaction output (95.56%) 
and reduced the involvement of catalyst as well as the purification time. An ultrasonic 
reactor has been designed for plant scale biodiesel production from wide-range of raw 
materials with minimum modification in reaction method. Raw material with FFA>7% and 
<7% resulted in maximum biodiesel yield at reaction kinematic viscosity of 4 mm2/s and 6 
mm2/s, respectively as obtained from Taguchi optimization. Introduced ultrasonic reactor 
reduced the total bare module cost by maximum 12.36% and 17.84% for sample FFA>7% 
and <7%, respectively. Optimized process lowered the manufacturing cost due to low 
energy consumption and minimum catalyst involvement. An economic analysis estimated a 
breakeven price (BEP) of 1043 $/t and 963 $/t, respectively for high and low FFA feedstock. 
In order to establish a standard method of production, modification in the optimization 
approach was made. Parameters like solvent to sample ratio, catalyst concentration, heating 
temperature were replaced by kinematic viscosity of reaction mixture, pH of the reaction 
mixture, amplitude of sonicator probe and reaction vessel dimension (for ultrasonic 
method). Previously, no literature has considered parameters like kinematic viscosity of 
reaction mixture and pH of the reaction mixture. In this section, main focus was engaged on 
the establishment of universal biodiesel production method for a wide range of oil samples 
according to their acid value and kinematic viscosity. Simultaneously, it must be 
commercialized for small as well as large-scale biodiesel production. Reaction parameters 
were chosen cautiously. Co-solvent was considered in order to accelerate the mass transfer 
during transesterification by varying the kinematic viscosity of reactant phase (Priyadarshi 
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and Paul 2018b). Taguchi optimization of reaction was performed to get a higher yield with 
the least resource and time. Overall, cost estimation was developed for plant scale biodiesel 
production.  
Introduced ultrasonic reactor design has great potential to be used in urban areas as well as 
in cities to fulfill substantial energy issue. This is an easy and safe process to handle as 
compared to microwave heating and supercritical heating method. The raw material has a 
significant impact on production efficiency. Hence, the present study obtained BEP for raw 
materials with low as well as very high FFA. On the other hand, a number of the ultrasonic 
reactors can be arranged according to the scale of production and sample FFA content. 
Current study encourages utilization of waste materials as feedstock. Hence, the feedstock 
cost is not considered. Equipment valuation was done using the quotations provided by the 
respective instrument manufacturers. The free fatty acid content of feedstock higher than 
3% was considered as high FFA and less than 3% is categorized under low FFA sample.  
3.4.2 Study foundation 
Biodiesel is a promising replacement of fossil fuel due to its physicochemical properties and 
successful adoption in an internal combustion engine. Researchers around the globe have 
suggested various biodiesel production methods based on the raw material type, and 
methods mainly differ with different feedstock. Many approaches have been introduced in 
recent past regarding an optimized production of biodiesel for improved fatty acid methyl 
ester (FAME) conversion. The production process was developed by adopting various 
solvent, solvent to sample ratio, new catalyst, co-solvents, advanced technology 
(Capodaglio and Callegari 2017; Liu et al. 2014). However, the suggested methods can’t be 
said as a universal technology for all kinds of oil samples. Because, the essential properties 
that influence transesterification, i.e., free fatty acid contents, saponification value, 
kinematic viscosity and moisture content of raw materials vary considerably (Diya’Uddeen 
et al. 2012; Gupta and Kumar 2017). Hence, modifications in the existing methods is a huge 
requirement that set challenges for the commercialization of the technology. 
Priyadarshi and Paul (2018) had concluded that the reduced kinematic viscosity through 
oil/solvent/co-solvent (methyl tert butyl ether) blend could maximize biodiesel yield at 
reduced residence time in microwave-assisted transesterification. Choi et al., (2014) has 
suggested xylene as a co-solvent for fast conversion of FAME (81%) from sewage sludge 
in a conventional batch reactor. Hexane is another popular co-solvent that supplied a FAME 
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yield of 98.8% from soybean oil in microwave assisted reactor (Rahimi et al. 2016). 
Improved yield with co-solvent was witnessed as it triggers the mixing of reactant to form 
a single phase blend (Boocock, Konar, and Mao 1996). 
3.4.3 Methods and materials 
3.4.3.1 Sampling 
High free fatty acid content kitchen food waste derived lipid and recovered oil (KWO) were 
used in transesterification (Priyadarshi and Paul 2018). Kitchen food waste derived lipid 
and oil were blended at ratio 1:1 (KWO) and subjected to transesterification. KWO is high 
in FFA content (7.13%) and high viscosity (kinematic viscosity: 58.59 mm2/s). In order to 
monitor the feasibility of the currently developed method, sewage sludge extracted lipid and 
soybean oil were also examined. 
 Sewage sludge extracted lipid has FFA content of 4.95%, and average FFA varies in the 
range 3% to 6%. Soybean oil was also selected as a raw material as it has FFA content less 
than 3%. Soybean oil was purchased from the local shop. Physico-chemical properties of 
KWO, sewage sludge lipid, and soybean oil were given in Table 3.20.  
Table 3.20 Physico-chemical properties of feedstocks used in the present study. 
Properties Units Standard 
methods 
KWO Sewage 
sludge 
lipid 
Soybean 
oil 
Density at 
15.5 0C 
Kg/m3 ISO 3675 927 935 917 
Kinematic 
viscosity at 
40 0C 
mm2/s EN ISO 
3104 
58.59 60.04 45.86 
Free fatty 
acid 
% EN 14104 7.12 4.95 0.9 
Moisture 
content 
wt% ASTM 
D3277-95 
3-6 <2 <2 
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3.4.3.2 Instrumentation 
An ultrasonic set-up was constructed to perform the experiments. The ultrasonic reactor set 
up used to conduct the experiments is shown in Fig. 3.27. Equipment consist of mixing unit, 
reaction chamber, sonicator probe, sensor for monitoring pH and kinematic viscosity, 
pumping unit attached to pipes to supply sample and chemicals i.e., catalyst, methanol and 
co-solvent (methyl tert butyl ether) into mixing unit and reactor, controller, filtration unit 
and pump for continuous FAME recovery. Control panel displays the kinematic viscosity 
and pH on screen. Amplitude adjustment regulator is also connected to the control panel. 
Sonicator probe was detailed in Table 3.21. Present reactor probe with converter has 
processing capacity up to 5000 ml. The converter is made up of PZT8 ceramic crystals. It 
can provide 20µm vibration, so converter gain is 1:1 (ULTRA AUTOSONIC INDIA). It 
means the probe generates an amplitude of 20 µm. The booster assembled with converter 
and probe can increase its processing capacity up to 15000-20000 ml when used proper size 
reactor vessel. Boosters (also called amplitude transformer) when connected between the 
converter and the probe acts as a mechanical amplifier that increases the amplitude of 
vibration at the probe, so booster gain is 1:3. After attaching the converter with booster, the 
vibration increases to 60 µm (20 µm*3) so gain increased by 1:3. Connected probe at full 
wavelength provides 60 µm vibrations continuously. Assembled picture of the converter, 
booster, and probe (used in this condition in present work) are shown in Fig. A3.1 
(appendix). The schematic diagram of the assembled probe was attached in Fig. A3.2 for 
better understanding. Reactor glass box works as a sound obstructer. With an aim to develop 
a cost-effective and time-efficient process, the energy meter (Manufacturer: Generic; model: 
1,111) was equipped.  
3.4.3.3 Experimentation details 
The ultrasonic reactor and its key components are shown in Fig. 3.27. Ultrasonic waves are 
susceptible to scattering of light (Raman 1938). Before experimentation, the ultrasonic 
reaction chamber was wrapped with a black colored insulated cardboard box in order to 
avoid external temperature influence and to nullify any effect of light scattering (Baesso et 
al. 2018). At first, the oil sample was supplied to the mixing unit. Methanol was provided 
and mixed thoroughly with a mechanical stirrer in the mixing unit. Next, the catalyst was 
added by opening the valve. The pH and kinematic viscosity were under continuous 
monitoring through the sensor. Once the desirable pH achieved, the catalyst supply valve 
has been closed. With the constant mixing of reactants co-solvent, i.e., methyl tert butyl 
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ether was added till it reaches the designed reaction kinematic viscosity. Once it reaches that 
point, all the valve were closed, so that no further changes to present reaction condition will 
occur. The reaction mixture was thoroughly mixed for 2 min and supplied to the ultrasonic 
reactor, and it is ready to start at a particular amplitude (adjustable). The pulse rate was fixed 
at 0.3 as suggested in previous studies (Kumar et al. 2010; Kumar G 2017).   
Table 3.21 Sonicator probe specifications. 
Item Specification 
Manufacturer Ultra Autosonic INDIA 
Model PS1500 
Probe diameter (3 
probes) 
40 mm 
Type of tip Solid (Titanium alloy: Ti-6Al-4V).), 
Processing volume 0-20 liter 
Maximum Power 0-1500 watt 
Amplitude Adjustable (25%, 50% 75%, 100%) 
Frequency 19.5-20.5kHz 
  
Methanol to sample ratio is a significant parameter. Previous studies described that the 
methanol to oil molar ratio 6:1 is sufficient for maximum biodiesel production (Hoseini et 
al. 2018; Naveena, Armshaw, and Pembroke 2015). However, an excess of methanol always 
favors transesterification but creates a problem during purification, i.e., glycerol separation. 
Initially, experiments were performed with ultrasonic reactor with various methanol to 
sample molar ratio and obtained 8:1 methanol to oil ratio as optimum. Further increasing 
the ratio resulted a negligible addition to FAME conversion. Molar ratio 10:1 also measured 
similar conversion rate. However, 6:1 molar ratio resulted in slow reaction rate than rest. 
Hence, 8:1 molar ratio of methanol to sample in addition to cosolvent (MTBE) was 
considered for the present study. The reaction viscosity was managed by adding MTBE in 
methanol and sample mixture. Generally, the reaction mixture density ranges between 0.8 
to 0.9 g/cm3. Experiments obtained an effective processing depth of 20” in a reactant 
mixture of density between 0.8 to 0.9 g/cm3. 
3.4.3.3.1 Process optimization 
The process optimization has been performed with Taguchi model. Taguchi model is an 
efficient method for the optimization of biodiesel production (Priyadarshi and Paul 2017; 
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Tan et al. 2017). Detailed functioning of Taguchi model and its application were thoroughly 
described in a previous publication (Priyadarshi and Paul 2017). Model is efficient in 
predicting biodiesel yield of un-attempt experiments by analyzing data fed in Taguchi 
worksheet. Reaction parameters were optimized through Taguchi model using Minitab 16. 
The parameter and levels used in this research work were given in Table 3.22.  
 
Fig. 3.27 Ultrasonic reactor used for biodiesel production 
In transesterification reaction, kinematic viscosity of reactant phase is considered because 
the solvent phase is immiscible in oil (sample) phase at the normal condition as well as at 
high FFA condition. Addition of co-solvent breaks the barrier between solvent and oil phase 
due to inhomogeneity and promote transesterification process. Therefore, reaction viscosity 
was considered as a significant reaction parameter to get the optimum value of cosolvent. 
The catalyst is essential when reaction not following the supercritical and subcritical 
process. More than optimum pH can hinder the process and degrade the quality of biodiesel 
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(Priyadarshi and Paul 2018b; Saha and Goud 2014). Optimum amplitude is necessary as the 
excess of vibration causes foam formation in the presence of high FFA and moisture, and 
very low amplitude slow down the reaction. Reaction time is another prime parameter. An 
optimized time is necessary for cost optimization as well as for maximum biodiesel 
conversion. Finally, the reactor dimension needs to be analyzed. The ultrasonic wave comes 
out from the probe and directs towards the bottom and not laterally. More of a lateral 
dimension may reduce the effectiveness of the sound wave. Therefore, vessel dimension 
(L*B) 6” * 6”, 8” * 8” and 10” *10” were evaluated during optimization.  
Table 3.22 Levels used in Tables and Figures. 
Level Kinematic 
viscosity (mm2/s) 
(A) 
Reaction 
pH 
(B) 
Amplitude 
(%) 
(C) 
Time 
(min) 
(D) 
 Reactor dimension 
(L*B in inch) 
(E) 
1 4.5-5 (without 
co-solvent) 
4-4.5 50 2 6 * 6 
2 6 (8:1 methanol 
to sample) 
2.5-3 75 4 8 * 8 
3 4 (8:1 methanol 
to sample) 
1-1.5 100 6 10 * 10 
3.4.4 Results and discussion 
Biodiesel production at various reaction conditions has been evaluated. Taguchi worksheet 
based experimental yield was listed in Table 3.23. Co-efficient of determination (R2): 99.8% 
and R2 (adjusted): 98.7% expressed the fit of the model. The obtained ANOVA (Table 3.24) 
suggests that the reaction viscosity (p<0.001), reaction pH (p=0.001), amplitude (p=0.001) 
and time (p<0.001) has significant effect (p< 0.05) on biodiesel yield. In this study, the 
emphasis was given on parameters, i.e., kinematic viscosity, reaction pH and amplitude. 
This is because kinematic viscosity accelerates the mass transfer process by forming 
homogeneous reaction mixture during transesterification which is key to reduced reaction 
time and hence, low energy consumption.  
Catalyst either speed up or retards the rate of reaction by electrophilic or nucleophilic 
substitution. However, co-solvent has tendency to provide better solubility to the reaction 
mixture. Better solubility ease the phase transition (forward reaction). In this case, catalyst 
is used to cause exchange of alkoxy group through nucleophilic substitution. But, more often 
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the high free fatty acid content set obstacle in the maximum FAME conversion and extends 
the reaction time. The prime barrier in transesterification is slow phase transition. In order 
to minimize the duration of reaction with maximum FAME conversion, co-solvent is used.  
The ultrasound technology has no special contribution in reducing the catalyst demand. But 
enhances the transesterification rate significantly by causing severe molecular collision 
among molecules.  Ultrasonic irradiation is cost effective and overall process is safer as 
compared to microwave irradiation. Catalyst demand were brought down by increasing the 
solubility of reaction mixture. Generally, 10% sulphuric acid as catalyst were used in 
conventional acid catalyzed transesterification (Priyadarshi and Paul 2017b), whereas co-
solvent assisted transesterification demands 0.75% (wt%) catalyst (Priyadarshi and Paul 
2018a). 
3.4.4.1 Effect of parameters 
Earlier, gas chromatograph flame ionization detector (GC-FID) calculated the fatty acid 
compositions of KWO. Following the assumptions are given by Ramírez-verduzco et al. 
(2012) the average kinematic viscosity of 4.48 was obtained for the KWO based FAME 
sample. Previous studies also found that the average kinematic viscosity of most of the 
biodiesel falls under 4 to 5 mm2/s (Ramírez-verduzco et al. 2012; Ramos et al. 2009). Hence, 
nominated KV of 4-4.5 mm2/s for evaluation. The study also explored the impact of the 
change in reaction KV on biodiesel production. From the SN ratio plot of FAME analysis 
(Fig. 3.28), trends of each parameter can be observed. The plot displays an increased FAME 
yield with a kinematic viscosity of 4 mm2/s in the presence of MTBE. Reaction KV of 6 
mm2/s in the presence of MTBE measured similar return but took comparatively high 
residence time. However, reaction KV of 4.5 mm2/s through methanol dilution (without 
MTBE/co-solvent) achieved low FAME yield (Table 3.23, Fig. 3.28). Again, very low 
kinematic viscosity (less than 4 mm2/s with MTBE dilution) reduces the impact of 
amplitude. Optimum KV of 4 mm2/s obtained in the current study. 
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Fig. 3.28 Taguchi generated SN ratio plot for ultrasonic transesterification process. 
Reaction pH 2.5 showed improved FAME yield. Further, decrease in pH to 1 measured 
negligible decrease in FAME conversion but degrade the biodiesel quality (dark color 
appearance). Increased catalyst loading results in leaching of excess catalyst that leads to 
shop formation. Ultrasonic wave mechanism was used in the present study. Probe sonicator 
amplitude adjustment was made to get an optimum amplitude. The effect of amplitude on 
reaction time was explained below. Sonicator amplitude also has a significant impact on 
energy consumption. The time required for biodiesel conversion differs with the FFA 
content of the raw material.  
Kinematic viscosity of reaction mixture provided flexibility to transesterification process 
for wide range of raw materials irrespective of their free fatty acid content and raw material 
kinematic viscosity. ANOVA (Table 3.24) determined 58.59%, 6.8%, 6.7%, 24.27% and 
0.6% impact of reaction viscosity, reaction pH, amplitude, time and vessel dimension, 
respectively. 
Detailed study regarding the FFA content of the sample and its effect on reaction progress 
was described below. 
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3.4.4.2 Interaction of kinematic viscosity with reaction parameters 
Amplitude and kinematic viscosity together were found significantly influencing (p=0.033) 
the reaction. For better comparison interacting plot was graphed in Fig. 3.29 with Taguchi 
model. It was observed that at reaction KV of 6 mm2/s, 75% amplitude performed better. 
However, 100% amplitude is useful at low reaction KV for higher biodiesel yield. Because 
the amplitude is related to the velocity of sound in a medium (here reaction mixture is the 
medium) and this wave velocity is higher for highly dense medium (Baesso et al. 2018). 
Moderate amplitude (75%) found better in terms of low energy consumption. However, 
100% amplitude is capable of processing low KV reaction mixture at less time. The reaction 
temperature was tracked in each experiment. But no particular pattern in temperature 
variation was found and maximum reaction temperature varied with different chemical 
concentration in the reaction mixture (500C-550C). 
Impact of kinematic viscosity on residence time was visualized through Fig. 3.30. Minimum 
KV of 4 mm2/s attained maximum FAME conversion at 6 min reaction time as shown in 
Fig. 3.30. The maximum yield visualized at 5 min reaction time and KV of 4 mm2/s. The 
figure also indicates that 6 mm2/s of KV resulted in more than 75% FAME conversion at 5 
min ultrasonic reaction time. However, reaction without co-solvent is much slower, and 
maximum 55% conversion was observed. More about the impact of reaction time is 
described at section 3.4.4.3. 
The combined influence of KV and pH are shown in Fig. 3.31. At reaction pH 2.5 and 1.0 
satisfactory FAME conversion, i.e., more than 75% were obtained with KV 4 mm2/s (Fig. 
3.31). More than 70% FAME conversion was measured at 5 mm2/s of KV and pH of 2.5 
and 1.0. Reaction pH of 2.5 was considered in order to reduce the catalyst cost, and less 
catalyst in final FAME mixture ease the purification process. Less than 50% FAME yield 
observed at KV of 7 mm2/s with maximum catalyst loading. The decrease in KV below 4 
mm2/s reduces the intensity and workability of amplitude. Formation of foam was also 
observed at very low KV.  
Significant interacting effect between vessel dimension and remaining parameters were 
missing. However, it can be seen from the SN ratio plot (Fig. 3.28) that the impact of the 
ultrasonic wave is better with vessel dimension 6” *6” (length * width). Wider dimension 
of 8” * 8” resulted in less yield. But similar yield was achieved at an extended time. 
However, 10” * 10” vessel size could not process reactant for similar yield and raw materials 
recovered unreacted. 
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Table 3.23 Biodiesel production at various reaction condition. 
KV pH Amplitude Time 
Reactor 
dimension 
Experimental 
FAME yield 
Predicted 
FAME yield 
1 1 1 1 1 29.33 29.31 
1 1 2 2 2 45.12 46.01 
1 1 3 3 3 46.7 45.82 
1 2 1 2 3 43.65 42.77 
1 2 2 3 1 59.20 59.18 
1 2 3 1 2 43.98 44.87 
1 3 1 3 2 40.26 41.15 
1 3 2 1 3 42.26 41.38 
1 3 3 2 1 58.88 58.86 
2 1 1 1 1 43.98 43.87 
2 1 2 2 2 69.59 69.96 
2 1 3 3 3 70.16 69.88 
2 2 1 2 3 71.38 71.10 
2 2 2 3 1 86.66 86.55 
2 2 3 1 2 55.90 56.27 
2 3 1 3 2 75.36 75.73 
2 3 2 1 3 59.20 58.92 
2 3 3 2 1 86.98 86.87 
3 1 1 1 1 54.65 54.76 
3 1 2 2 2 78.75 77.48 
3 1 3 3 3 77.55 78.69 
3 2 1 2 3 80.08 81.22 
3 2 2 3 1 93.33 93.44 
3 2 3 1 2 67.65 66.38 
3 3 1 3 2 83.53 82.26 
3 3 2 1 3 63.00 64.14 
3 3 3 2 1 93.14 93.25 
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Table 3.24 ANOVA for biodiesel yield using ultrasonic irradiation process. 
Source DF Seq SS Adj MS F P %age 
contribution 
Kinematic 
viscosity 
(A) 
2 105.11 52.55 589.13 0.000 58.59 
pH (B) 2 12.24 6.12 68.65 0.001 6.8 
Amplitude 
(C) 
2 12.10 6.05 67.86 0.001 6.7 
Time (D) 2 43.54 21.77 244.08 0.000 24.27 
Reactor 
dimension 
(E) 
2 1.16 0.58 6.55 0.055 0.6 
A*B 4 0.59 0.14 1.66 0.317 0.3 
A*C 4 2.93 0.73 8.23 0.033 1.6 
A*D 4 1.29 0.32 3.64 0.119 0.7 
Residual 
Error 
4 0.357 0.08   0.1 
Total 26 179.371     
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Fig. 3.29 Interaction plot of reaction kinematic viscosity versus amplitude 
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Fig. 3.30 Contour plot of reaction kinematic viscosity versus Time 
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Fig. 3.31 Contour plot of reaction kinematic viscosity versus reaction pH 
3.4.4.3 Feasibility of the process 
The optimized reaction conditions were further explored in order to examine its limitations 
and advantages. Three samples with different free fatty acid content were evaluated. Waste 
kitchen oil with very high FFA (>7%), Sewage sludge derived lipid with moderate FFA 
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(FFA: 4-6 %) and soybean oil with very low FFA (<2%). Generally, FFA more than 3% in 
biodiesel raw material creates a problem during transesterification. In the present study, it 
was observed that, KV: 4 mm2/s, reaction pH: 2.5 and amplitude: 100% results maximum 
FAME yield at minimum reaction time (Fig. 3.28). Simultaneously, KV: 4 mm2/s, reaction 
pH: 2.5 and amplitude: 75% measured similar yield but in extended reaction time (Fig. 
3.32). The FAME conversion at both conditions with different FFA content is plotted in Fig. 
3.32 and Fig. 3.33. It was observed that the FAME conversion trend is comparatively similar 
in case of the sample with low and moderate FFA. However, a sample with high FFA 
showed variations with varying amplitude.  
For sample FFA>7%, varying amplitude from 100% to 75%, ultrasonic reaction time was 
increased from 5 min to 7 min for maximum product formation. Hence, comparatively 
higher energy consumption was measured. The energy consumption at maximum FAME 
conversion was shown in Fig. 3.32 and Fig. 3.33 for experiments performed at different 
amplitude. The energy consumption is low due to a reduced amplitude that directly 
proportional to the power required. Maximum 0.133 kWh/l, 0.110 kWh/l and 0.068 kWh/l 
energy consumption measured at KV: 4 mm2/s, reaction pH: 2.5 and amplitude: 75% for 
sample with FFA>7%, 3-6% and <2%, respectively. Whereas, 0.125 kWh/l, 0.121 kWh/l 
and 0.077 kWh/l energy demand were measure at KV: 4 mm2/s, reaction pH: 2.5 and 
amplitude: 100% for sample with FFA>7%, 3-6% and <2%, respectively. Therefore, the 
amplitude of 75% is better (in terms of less energy consumption) for the sample with low 
FFA, because the reaction time is similar for operation at 100% amplitude. Fig. 3.34 
depicted that reaction KV of 4 mm2/s holds good for all raw material type. Feedstock with 
low and moderate FFA performed similarly at 4 mm2/s and 6 mm2/s reaction KV. 
Experiments observed 70 ml and 110 ml of cosolvent loss for sample FFA<7% and 
FFA>7%, respectively per liter of biodiesel production. For moderate and low FFA 
feedstock the kinematic viscosity of 6 mm2/s was found better. Use of cosolvent reduced 
the reaction time maximum by 2 folds, 3-4 folds and 5 folds for sample FFA<3%, 4-6%, 
and >7%, respectively (Fig. 3.34). Above observations were incorporated in the cost 
analysis section.   
Above discussion found that the modified ultrasonic process is adaptable for a wide range 
of raw materials. More than 60% conversion takes place within a minute after ultrasonic 
reaction (Fig. 3.32 and Fig. 3.33). As per the present study, reaction KV: 4 mm2/s, pH: 2.5, 
mixing time: 5 min and amplitude: 100% improved the FAME yield for sample with 
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FFA>7%. For sample FFA<6%, KV: 6 mm2/s, pH: 2.5, mixing time: 3 min and amplitude: 
100% improved the FAME yield. Biodiesel yield using different technologies and various 
optimized parameters were compared with current outcomes as shown in Table 3.25.  
Again, three different co-solvent were evaluated at the optimized reaction parameter. Co-
solvent hexane, tetrahydrofuran (THF), and xylene were analyzed. Xylene could not 
measure satisfactory yield at normal condition. THF showed almost similar return as MTBE 
in an optimized state. Hexane displayed slow rate of a reaction initially, but with an increase 
in temperature, return got better. Hexane as co-solvent found active at a temperature close 
to boiling point (68 0C). Similarly, when the reaction temperature raised to 80 0C, it formed 
the single-phase effectively, and the rate of FAME conversion increased.  
Table 3.25 Biodiesel production using different technologies and various feedstocks.  
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Batch 
reactor, 
10 bar 
pressure 
Microalgae 6 (SO4 2- 
/SnO2-
SiO2) 
150 1:15:0.5 
(Cosolvent: 
biodeisel) 
90 88.2 (Lam 
and Lee 
2013) 
Microwav
e reactor, 
400 watt 
Palm oil 1 
(NaOH) 
70 1:12 1.75 99.4 (Choedk
iatsakul 
et al. 
2015) 
Conventio
nal 
heating 
Calophyllu
minophyllu
m. 
0.75 
(H2SO4) 
60 1:9 60 92.5 (Ataban
i et al. 
2013) 
Ultrasonic 
irradiation 
Chlorella 
vulgaris 
KF/CAO 60 1:8 45 63.4
9 
 
Ultrasonic 
irradiation 
Chlorella 
sp 
H2SO4 60 1:79 480 99.9  
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Microwav
e oven, 
242 watt 
Waste 
cooking oil 
1.25 
(SrO) 
65 1:12 10 99.2 (Tangy 
et al. 
2017) 
Ultrasoun
d heating 
waste 
cooking oil 
4.97 
(Modifie
d coal fly 
ash) 
70 1:10.71 1.41 95.5
7 
(Xiang 
et al. 
2016) 
Conventio
nal 
heating 
equipped 
with a 
reflux 
condenser 
Soybean 
oil 
2 
(K2CO3) 
65 1:13 120 87.4 (Sun et 
al. 
2014) 
Conventio
nal 
heating 
equipped 
with  four 
way 
micromix
ure 
Soybean 
oil 
1 (KOH) 57.2 1:6:2.65 
(Cosolvent: 
hexane) 
0.15 98.8 (Rahimi 
et al. 
2016) 
Ultrasonic 
irradiation 
Enteromor
pha 
compressa 
(mac- 
roalgae) 
Chlorella 
H2SO4 70 1:5.5 90 98.8
9 
 
Soxhlet 
reactor 
equipped 
with 
reflux 
condenser 
Wet 
municipal 
sludge 
18.4 
(H2SO4) 
105 1:2:2 
(Cosolvent: 
xylene) 
480 - (Choi et 
al. 
2014) 
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Conventio
nal 
heating 
waste 
cooking oil 
12 (Cu-
doped 
ZnO 
Nanoco
mposite) 
55 1:8 50 97.7
1 
Gurunat
han and 
Ravi 
(2015) 
Continuou
s 
microwav
e-assisted 
in-situ 
transesteri
fication 
Chinese 
tallow tree 
seed 
4 
(NaOH) 
60 20:47.5:39.
3 
(Cosolvent: 
hexene) 
24 97.5 (Barekat
i-
goudarz
i et al. 
2017) 
Batch 
reactor 
Mixed 
non-edible 
oils, castor 
seed oil 
(CSO) and 
waste fish 
oil (WFO) 
0.5 
(KOH) 
32 1:8 30 95.2
0 
(Fadhil 
et al. 
2017) 
Supercriti
cal 
condition  
Pongamia 
pinnata 
- 300/200 bar 1:50 40 80-
85 
(Ataban
i et al. 
2013) 
Supercriti
cal 
condition  
Jatropha 
curcas L. 
- 320/8.4 
Mpa 
1:43 4 100 (Ataban
i et al. 
2013) 
Ultrasoun
d-assisted 
transesteri
fication, 
30 KHz 
 
 
 
Karanja oil 
 
 
5 
(Ba(OH)
2·8H2O) 
30 
 
1:9 60 84 (Saha 
and 
Goud 
2014) 
1.5 
(H2SO4) 
30 
1:9 90 87 
Conventi
onal 
magnetic 
stirring 
method 
 
Rice bran 
12.5 
(H2SO4) 
60 
1:12.5 120 91.7 
Present 
study 
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Conventi
onal 
magnetic 
stirring 
method 
(cosolven
t assisted) 
 
Freeze 
dried 
sludge 
1.5 
(H2SO4) 
45 
1:15:5 90 95.3 
Present 
study 
Modified 
microwav
e method 
Kitchen 
food waste 
0.5 
(H2SO4) 
170 1:30:6 4 96.8 Present 
study 
Ultrasoni
c 
irradiatio
n 
Waste 
cooking oil 
0.5 
(H2SO4) 
55-60 
4-4.5 cSt 
(kinematic 
viscosity 
of reaction 
mixture) 
5 95.5 
Present 
study 
 
 
 
Fig. 3.32 Conversion and energy consumption of samples with different FFA content 
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Fig. 3.33 FAME conversion and energy consumption of samples with different FFA content 
Fig. 3.34 Relationship between reaction kinematic viscosity and time for maximum FAME 
conversion at the optimized condition
3.4.4.4 Economic analysis 
Economic consideration is one of the most crucial factors for the development of 
inexpensive feedstock and process technology in biodiesel production. Purpose of the study 
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is also to define the viability of the suggested process for biodiesel production. The 
percentage change in the overall price with application of new method was studied. The 
break-even price (BEP) was calculated as it allows easy comparison with the fossil diesel 
and biodiesel derived from various feedstocks. There are undoubtedly additional factors that 
must be taken into consideration. Total investment cost (TIC), total manufacturing cost 
(TMC), fixed capital cost (FCC) are the main economic criteria considered in this study. An 
essential factor for estimating TIC and total annual production cost (TPC) is the FCC. The 
FCC includes installation of individual bare module cost (TBMC), contingencies and 
auxiliary facilities cost (AFC) (You et al. 2008). The total bare module consists of raw 
material processing unit (centrifuge unit, drying unit and extraction unit), transesterification 
reaction unit (ultrasonic reactor), recovery unit (distillation unit and pump), and purification 
unit (wash column, neutralization unit). Onsite availability of raw material can lower the 
auxiliary facility costs (AFC). Total manufacturing cost was calculated on the basis of 
observed results during experiments. Key observations from the present study that 
incorporated in economic analysis were listed in Table 3.26. 
The ultrasonic probe was purchased from Ultra Autosonic India private limited. The 
ultrasonic reactor is consist of a mixing unit, pH and viscosity sensor, catalyst and co-solvent 
supply valve, pumping unit, modified assembled controller. The probe used in this reactor 
has a processing capacity of 20 liters at a time, and the FAME conversion efficiency of the 
reactor is considered 95% for all raw material (FFA>3% and FFA<3%). A number of 
ultrasonic reactors required are dependent on raw material FFA content. In a continuous 
flow reactor, suggested in the study has a production efficiency of 18 lit/h and 30 lit/h from 
raw material with high and moderate FFA (>3%) and low FFA (<3%), respectively. Unit 
reactor with 20-hour running time can supply up to 360 liters and 600 liters of biodiesel per 
day, respectively from high (>3%) and low FFA (<3%) based feedstock. The breakeven 
price for generated biodiesel was listed in Table 3.27. The estimated cost for equipment 
installation, methanol, methyl tert butyl ether, sulfuric acid consumption and energy 
consumption involved with transesterification were given in Table 3.26. Per year chemical 
price was calculated based on the chemicals used per liter of FAME production. Energy 
consumption was also estimated based on the obtained results during the experiment. It was 
observed that the newly constructed reactor costs 12.36% less than the reactor cost of 
recently done study by Olkiewicz et al. (2016). Wash column and neutralization unit costs 
are as per previous studies. The distillation columns of different processing capacity were 
installed depending on the free fatty acid content of raw material or production rate. The 
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entire cost analysis was performed for a biodiesel plant with an estimated production 
capacity of 1000000 liters. In order to provide the desired production number of reactors 
required were calculated and connected in parallel. The total bare module cost (TBME) is 
the sum price of all the equipment involved, i.e., mixing unit, ultrasonic reactor, distillation 
column, washing column and final filtration unit (Torres et al. 2013; You et al. 2008). The 
utility cost (i.e., steam, cooling, make-up water, electricity) involved were derived from the 
study done by Mondala et al. (2009). The values of the bare module given by Mondala et 
al. are as per the 2008 market price, hence approximate market value for 2018 obtained by 
US Inflation calculator. This US Inflation Calculator uses the latest US government 
Consumer Price Index (CPI) data published on August 10, 2018, to adjust for inflation and 
calculate the cumulative inflation rate through July 2018. From 2008 to 2018, the increasing 
rate of inflammation of 17% considered. A complete breakdown of estimated costs 
associated with ultrasonic-assisted transesterification was shown in Table 3.27. This study 
obtained a BEP of 1043 $/ton (Rs 72.82 per liter) for KWOB (FFA>7%) with the plant 
capacity 1760 ton/year. Cost analysis for conventional heating method (1232 $/ton) were 
also obtained to establish a comparison and given in Table 3.27.  
Table 3.26 Components of cost analysis based on the obtained results of the optimal process. 
Items Method For sample 
FFA>7% 
For sample 
FFA<7% 
FAME conversion 
(Maximum) 
Present study  95.56% 
(considered 
95%) 
95% 
Raw material to 
biodiesel conversion 
Present study 27.23% 
(considered 
27%) 
27% 
Methanol  Average 0.240 L per liter of FAME $0.27/gal $0.27/gal 
Methyl tert butyl 
ether  
 Average 0.110 
L/liter of 
FAME 
Average 0.07 
L/liter of 
FAME 
catalyst  Present study $0.099/gal $0.099/gal 
Processing of Kitchen 
food waste  
Extraction, centrifuge, and drying $2.09/gal $2.09/gal  
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Energy consumption 
during 
transesterification 
Present study $0.008/L  $0.004/L 
Energy consumption 
for solvent recovery 
and purification 
Manufacturer claim (Komori India 
Pvt. limited) 
$0.012/L $0.012/L 
Total bare module   Pricing of ultrasonic reactor unit, 
washing column a, FAME 
distillation column a, Neutralization 
reactor a, heat exchanger a, pump a 
and combination of centrifuge, 
drying and extraction unit a   
42979.94 + 
181899.26 + 
99141.01 + 
4440.28 + 
62783.31 + 
64236.17 + 
17015.40 ($) 
53724.92 + 
181899.26 + 
99141.01 + 
4440.28 + 
62783.31 + 
64236.17 + 
17015.40 ($) 
aEstimated costs based on the values provided by Mondala et al. (2008) adopting alteration 
equation of capacity: CostB = CostA(CapacityB/CapacityA)0.65 
Table 3.27 Breakeven price of obtained biodiesel. 
Items Method 
Estimated 
Value ($) for 
raw material 
with FFA>3% 
(Production 
capacity: 
2000000 
L/year) 
Estimated 
Value ($) for 
raw material 
with FFA<3% 
(Production 
capacity: 
2000000 
L/year) 
Estimated Value 
($) for 
conventional 
heating method 
(Production 
capacity: 
1136363 L/year) 
(Olkiewicz et al. 
2016) 
Total investment 
cost (TIC) 
FCC+WCC 770636 722444 7455447 
Total bare module 
cost (TBMC) 
Total bare module 
cost 
515475.3 483240.4 4226204 
Auxiliary facility 
cost (AFC) 
30% of TBMC 154642.6 144972.1 1267861.2 
Fixed capital cost 
(FCC) 
TBMC+AFC 670117.9 628212.5 6482997 
Working capital 
cost (WCC) 
15% of FCC 100517.7 94231.88 972450 
 124 
 
Direct operating 
cost (DOC) 
 1477993 1361675 1667461 
Preparation of raw 
material 
Centrifuge, 
drying, and 
extraction : $2.09 
per liter 
1029775 1029775 386897 
Methanol 
Approximately 
240 ml/L of 
FAME production 
143449.9 143449.9 - 
Co-solvent 
(MTBE) 
Approximately 
110 ml/L of 
FAME production 
94555.88 60171.9 - 
Catalyst/chemicals $0.02/L 52910.05 52910.05 - 
Labor 
Wages Low 
Skilled (Rs 400 
per day as per 
Indian govt. rule) 
49512.89 49512.89 - 
a Steam  1897.792 1897.792 95290 
a Cooling  2742.26 2742.26 2437 
a Makeup water  1956.97 1956.97 174 
Electricity  40100 32782.54 466835 
Supervisory and 
clerical labor 
15% of labor 7426.934 7426.934 661500 
Maintenance 6% of FCC 40207.08 37692.75 - 
Operating supplies 5% maintenance 6031.062 5653.913 - 
Lab charge 15% labor 7426.93 7426.93 - 
Indirect operating 
cost 
 71690 69344 - 
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aEstimated costs based on the values provided by Mondala et al. (2008) adopting alteration 
equation of capacity: CostB = CostA(CapacityB/CapacityA)0.65 
Overhead packing 
storage 
60% of the sum of 
operating 
labor, 
supervision, and 
maintenance 
58288.14 56779.55 2717746 
Local taxes 1.5 % of FCC 10051.77 9423.18 
Insurance 0.5 % of FCC 3350.59 3141.06 - 
Depreciation 10 % of FCC 67012 62821 - 
Distribution and 
research 
15% of TPC 242504.3 224076 - 
Administrative 
expense 
25 % of FCC 14572.03 14194.89 - 
TPC 
Sum of 
Depreciation, 
Indirect 
operation cost 
and DOC 
1616695 1493840 - 
Glycerin credit 
2% of the total 
weight of 
biodiesel 
22922.63 22922.63 44656 
TMC 
TPC - Glycerin 
credit 
1593773 1470917 4385208 
Adjusted TMC 
TMC + 
Distribution and 
research 
1836277 1694993 - 
*Breakeven price 
(BEP) 
Adjusted 
TMC/Production 
capacity ($/ton) 
1043 963 1232 
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This is lower than current diesel price ((Rs 73.51) per liter on 8/18/2018) in Odisha (study 
region), India. Increase in production capacity may lower the BEP. Raw material with 
FFA<3% obtained BEP of 963 $/ton (Rs 67.22 per liter). This is significantly less than the 
current fossil diesel price. Reduction in BEP resulted due to the requirement of less number 
of the ultrasonic reactor (5 units). This is due to the high rate of production (30 L/h) when 
the FFA content is less (FFA<3%). This resulted in a decrease of 12.36% and 17.84% in 
total bare module cost for FFA>3% and <3%, respectively. 
3.4.5 Conclusion remarks 
Present study found that the ultrasonic irradiation is a cost-effective method for biodiesel 
production. Introducing kinematic viscosity as a reaction parameter has eased the 
calculations related to process complication. Reaction kinematic viscosity, pH and sonicator 
amplitude significantly influenced the rate of conversion. Reactor dimension is another 
major factor impacting the process when utilizing probe sonicator. Study discovered 
reaction kinematic viscosity of 4 mm2/s, 6 mm2/s and 6 mm2/s suitable for FFA>7%, 3-6% 
and <3%, respectively. Co-solvents MTBE and THF displayed a fast rate of reaction due to 
their reactivity at the low-temperature condition. The introduced ultrasonic reactor can 
reduce the total bare module cost and total investment cost by a maximum of 17.84% in a 
plant scale production. The reactor has modest energy consumption and simplicity of 
transesterification. The reactor can operate in both batch and continuous mode. An 
ultrasonic method in combination with co-solvent brought down the catalyst demand and 
smoothened product separation process. The product separation is much easier and faster 
than a microwave and conventional transesterification process based FAME mixture. 
Commercialization of this method can be done effortlessly due to the simplicity of the 
method and ability to process a wide range of raw material with minimal modification in 
process. The obtained breakeven price of biodiesel is less than current fossil diesel price. 
The chemicals and instruments used in this study are easily available, and hence, it can 
encourage the commercialization of developed methodology. 
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Appendices 
 
Fig. A3.1 Assembly of convertor, booster and probe used in ultrasonic reactor 
  
Booster 
Converter 
Probe  
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Fig. A3.2 Schematic diagram of assembled converter, booster and probe 
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4 CHAPTER 4: ENGINE ANALYSIS 
4.1 Combustion, Performance and Emission Studies of a 
Diesel Engine Fuelled with Sewage sludge-derived 
biodiesel blends 
4.1.1 Coverage 
Biodiesel, a non-petroleum renewable fuel comprising of fatty acid methyl esters (FAMEs) 
produced from different lipid sources is known as an alternative to mineral diesel. The 
various physicochemical properties of sewage sludge-based biodiesel (SSB) and its diesel 
blends are studied and reported in this section of thesis. A comparative study is done on 
single-cylinder direct injection compression ignition engine fueled with mineral diesel, neat 
SSB and various diesel-SSB blends. The tests were performed with diesel, SSB100 (100% 
Sewage sludge based biodiesel), SSB10 (10% SSB + 90% diesel), SSB30 (30% SSB + 70% 
diesel) and SSB50 (50% SSB + 50% diesel) as test fuel. 
4.1.2 Study foundation 
Depletion of petro fuel and its mounting cost, enhanced greenhouse gas (GHG) emissions 
due to fossil fuel combustion, escalating air contamination and increased global warming 
alarmed the researchers to find an alternative energy resource (Arazo et al. 2017).  Biodiesel 
has gained popularity due to its renewability, low pollutant emissions and compatibility with 
CI engine. 
Moreover, the growing accumulation of sewage sludge treats handling and disposal 
problem. Worldwide more than 20 million tonnes of dry sewage sludge are produced every 
year (Melero et al. 2015). Furthermore, sewage sludge disposal and use as fertilizer have 
strict regulations. Alternative methods like gasification, direct combustion and pyrolysis 
were developed for the production of bio-oil from sewage sludge (Dai et al. 2014; Yu et al. 
2014). Sewage sludge has a significant amount of lipids, and these lipids contain fatty acids, 
prime ingredients of biodiesel (Priyadarshi and Paul 2018a). Generally, sewage sludge 
collected from primary and secondary wastewater treatment tank contains organic such as 
carbohydrates, lipid, protein, and inorganic substances like various heavy materials (Alvarez 
et al. 2015). Volatile combustible matters in sludge have great potential for biodiesel 
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production (Inguanzo et al. 2002). Pyrolysis of sewage sludge for bio-oil production is 
economical as well as controls pollution significantly (Dai et al. 2014; Yu et al. 2014; 
Alvarez et al. 2015). However, sewage sludge pyrolysis oil (SSPO) is rich in nitrogen (5.14 
wt%) along with oxygen (10.69 wt%) that can increase the NOX emission significantly as 
compared to vegetable oil-based biodiesel (Yang et al. 2013). The high nitrogen and oxygen 
content, instability, undesirable viscosity, corrosiveness and low calorific value (CV) are 
major drawbacks of sewage sludge-derived bio-oil (Yang et al. 2013; Asadieraghi et al. 
2015). As a result, efforts have been made to produce FAME (fatty acid methyl ester) 
through an established transesterification process. FAME obtained from this method 
provides desirable viscosity, stability and require minimum CV due to the presence of a 
significant amount of long chain saturated monounsaturated fatty acid methyl esters. 
Biodiesel properties are greatly influenced by the fatty acids profile, i.e., individual 
concentration of fatty acids, chain length, and degree of unsaturation in triglycerides and 
fatty acids (Hoekman and Robbins 2012). Lipid characteristics can well determine some 
key parameters of FAME, like cetane number and low-temperature operability. FAME is 
having lesser saturated long-chain, and polyunsaturated fatty acid poses better oxidative 
stability and cold flow properties. Viscosity, density, cetane number, IV (iodine value), the 
formation of deposits, filter plugging, glycerol content and cold flow performance of 
biodiesel are highly correlated with the FAME structure (Hoekman and Robbins 2012; 
Bhuiya et al. 2016). Transesterification process for the production of FAME (fatty acid 
methyl ester) does not change the fatty acid composition of the lipids (Ramos et al. 2009). 
4.1.3 Materials and methods 
4.1.3.1 Study site and lipid characteristics 
Domestic sewage sludge (DSS) used in this study are collected during the month of summer 
from sewage treatment plant (STP) located at National Institute of Technology (NIT), 
Rourkela, India. The sludge has been collected from the primary settling tank outlet of 
sewage treatment unit. About 12-15 % total solid content was obtained in sludge sample. 
Sample pH ranges from 6.5-7.0. The DSS was selected for biodiesel production instead of 
industrial sewage sludge as their properties as well as fatty acid concentration do not vary 
considerably with surroundings.  
4.1.3.2 Lipid extraction  
Lipid extraction from sewage sludge are explained in section 3.2.3.2. 
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4.1.3.3 FAME production 
The method developed and optimized in section 3.3 is used to produce biodiesel. 
4.1.3.4 FAME analysis 
The GC-MS and GC-FID analysis for the determination fatty acid contents of  biodiesel are 
detailed in section 3.1.5.1. Components of current sewage sludge-derived biodiesel (SSB) 
samples were described in Table 4.1.  
Table 4.1 Detailed FAME components of sewage sludge biodiesel (SSB100) 
Methyl ester components Retention time (min) SSB100 (%) 
Myristic acid (C14:0) 8.210 9.59 
Palmitic acid (C16:0) 13.976 24.87 
Palmitoleic acid (C16:1) 14.601 0.99 
Stearic acid (C18:0) 16.052 4.32 
Oleic acid (C18:1) 16.160 35.01 
Lenoleic acid-cis (C18:2) 16.425 2.42 
Lenoleic acid-trans (C18:2) 16.724 3.08 
Linolenic Acid-cis (C18:3) 17.601 2.94 
Linolenic Acid-trans (C18:3) 18.163 3.34 
Eicosenoic acid (C20:1) 18.527 2.8 
Erucic acid(C22:1) 19.259 4.3 
Other - 6.79 
Phenolic compounds   
Estra-1,3,5(10)-trien-17β-ol 
(C18H24O) 
- - 
(1,2-Dichloro-2-
phenylethyl)benzene 
(C14H12Cl2) 
- - 
4.1.4 Experimental details 
4.1.4.1 Description of the test engine and experimental procedure 
In the present investigation, tests were conducted on a four-stroke, direct injection (DI) 
diesel engine which produces a maximum power output of 4.4 kW. The schematic diagram 
of the experimental setup is depicted in Fig. 4.1. 
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Fig. 4.1 Schematic diagram of the experimental setup 
A K-type thermocouple was used for the exhaust gas temperature measurement. An eddy 
current type dynamometer was coupled for applying load on the engine. The fuel flow rate 
was measured by means of the burette, where two optical sensors are provided. The time 
difference is recorded when the fuel flows through the high-level sensor and once it reaches 
the bottom level sensor for fuel consumption measurement. The air consumption was 
measured by using air box, orifice meter, and a U-tube manometer. Initially, the engine was 
operated with diesel, and sewage sludge biodiesel (SSB) at different load conditions and 
results were recorded for comparison with other test fuel blends. Further, the engine was 
run with different diesel-SSB blends under similar operating conditions. The crank angle 
was measured by means of a top dead center (TDC) encoder. Cylinder pressure inside the 
combustion chamber was measured by using a piezoelectric pressure transducer connected 
to a piezo charge amplifier. 
All the sensors were attached to a control panel, which communicates all the results to the 
computer. Engine brake power, air, and fuel consumption were recorded by the data 
acquisition system, stored in the computer and displayed in the monitor. 
4.1.4.2 Description of emission measuring instruments  
The engine exhaust emissions such carbon monoxide (CO), carbon dioxide (CO2), nitric 
oxide (NO) and hydrocarbon (HC) were measured by using an AVL DiGas444 exhaust gas 
analyzer. The smoke opacity of engine exhaust was measured by using an AVL437 smoke 
meter. The photographs of these two are given in Fig. 4.2 and Fig. 4.3. 
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Table 4.2 Technical Specifications of Test Engine 
Engine Manufacturer/Model Kirloskar/ TAF 1 
Bore  and Stroke 87.5  mm and 110 mm 
Compression ratio 17.5:1 
Number of cylinder 1 
Piston Type Bowl-in-piston 
Maximum power output  4.4 kW 
Maximum speed  1500 rpm (Constant) 
Type of fuel injection  Pump-line-nozzle injection system 
Nozzle type  Multi-hole (3 holes) 
Start of fuel  injection 23 o CA bTDC 
Fuel injection pressure 200  bar 
Type of Cooling Air cooled with a radial fan 
 
 
Fig. 4.2 Photograph of exhaust gas analyzer 
 
Fig. 4.3 Photograph of smoke meter 
4.1.4.3 Fuel used for the experiment 
In this study, attempts were made to explore the various possibilities of running a diesel 
engine by using non-conventional fuel blends. Experiments were carried out in a naturally 
aspirated, single cylinder, four stroke, air cooled, direct injection (DI) diesel engine with a 
rated power of 4.4 kW at a constant speed of 1500 rpm run on different diesel- sewage 
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sludge biodiesel (SSB) blends and the results are compared with diesel and presented in the 
same order. The SSB at low percentages (10-50% at regular intervals of 20% on a volume 
basis) was blended with the diesel at 90 to 50%, respectively to get fuel blends for the 
investigation. Initially, engine was run with diesel and SSB to get base reading. Further, the 
engine was run with different test blends. Designations of test fuels and their compositions 
used in this study are summarized in Table 4.3. Proximity and ultimate analysis of DSS and 
SSB are listed in Table 4.4. Physico-chemical properties of sewage sludge biodiesel blends 
are listed in Table 4.5. 
Table 4.3 Test fuel blending proportion 
Fuel SSB (by volume) Diesel (by volume) 
Diesel - 100% 
SSB100 100% - 
SSB10 10% 90% 
SSB30 30% 70% 
SSB50 50% 50% 
 
Table 4.4 Proximity and ultimate analysis of domestic sewage sludge (DSS) from four different 
sewage treatment plants and sewage sludge biodiesel (SSB100)  
Properties Test method Diesel Sewage 
sludge 
SSB100 
C (wt%) D 3178 86.4 29.1±2.5 75.5±1.5 
H (wt%) D 3178 13.3 5.4±0.6 12.7±0.8 
N (wt%) D 3179 Nil 4.3±0.5 0.5±0.2 
S (wt%) D 3177 0.3 1.9±0.2 0.2±0.1 
O (wt%) By difference Nil 26.9±3 11.2±2 
Ash content 
(wt%) 
ASTM D482 0.004 28.4±3.5 0.008±0.002 
Na + K 
(mg/kg) 
EN14214 
(Max: 5 
acceptable) 
Nil 6100±900 3±0.75 
Ca + Mg 
(mg/kg) 
EN14214 
(Max: 5 
acceptable) 
Nil 15290±1400 1.5±0.5 
aSource: (Yang et al. 2013) 
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Table 4.5 Physico-chemical properties of sewage sludge biodiesel blends. 
Characteristi
cs 
Standards Require
ments 
Units Diesel SSB100 SSB50 SSB30 SSB10 
Density at 
15 0C 
IS15607:20
05 
860-900 kg/m3 830 880 855 846 845 
Kinematic 
viscosity at 
40 0C 
IS15607:20
05 
2.5-6.0 cSt 2.7 4.55-4.61 3.81 3.7 3.45 
Calorific 
value 
ASTM 
D6751 
35(Min) MJ/kg 43.5 39.5 42.2 43.2 43.7 
Cetane 
value 
IS- 15607 51(Min) - 51 56 - - - 
Flash point IS15607:20
05 
120 
(Min) 
0C 55 178 75 68 60 
Water 
content 
IS15607:20
05 
- vol% 0.02 0.045 0.04 0.035 0.025 
Acid value IS15607:20
05 
0.50 
(Max) 
mg 
KOH/
g, 
- 0.2 - - - 
Methanol IS15607:20
05 
0.20 
(Max) 
% by 
mass 
Nil 0.05 0.03 0.02 0.005 
 
4.1.4.4 Error analysis 
The details of instrumentations used in the present investigation are given in Table 4.6. The 
overall uncertainty of the experiment was calculated by the addition of the uncertainties of 
the individual instruments and is given as follows. 
Uncertainty of current experiment is 
= Square root of uncertainty of { (Cylinder pressure)2 + (Brake power)2 + (SFC)2 + (Brake 
thermal efficiency)2 + (Carbon monoxide)2 + (Hydrocarbon)2 + (Nitrogen oxide)2 + (Crank 
position)2 + (Exhaust gas temperature)2 + (Data acquisition system)} 
 = {(0.15)2 + (0.2) 2+ (1.0) 2+ (1.0) 2+ (1.0) 2+ (0.5) 2+ (1.0)2+ (0.01)2+ (0.15) 2 + (.001)2}     
= 2.08 
Overall experimental uncertainty determined is 2.08. 
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Table 4.6 Range, accuracy and uncertainty of the instruments. 
S.N. Instrument Range Accuracy Uncertainty 
1 Load indicator 250-6000W ±10W ±0.2 
2 Temperature indicator 0-900 oC ±1 oC ±0.15 
3 Burette 1-30cc ±0.2 cc ±1 
4 Speed sensor 0-10,000 rpm ±10rpm ±0.1 
5 Exhaust gas analyzer NO-0-5000 ppm ±12ppm ±0.2 
HC-0-20000 
ppm 
±12ppm ±0.2 
CO-0-10% 0.06% ±0.2 
6 Pressure transducer 0-110bar ±0.1bar ±0.05 
7 Crank angle encoder 0-720 ±1o ±.2 
4.1.5 Results and discussion 
4.1.5.1 Fuel properties 
Maximum variations in the fatty acid percentage of DSS based lipid from different places 
within Odisha, India are summarized in Table 4.7. Unlike industrial sewage sludge, DSS 
fatty acid profile has less variation due to a controlled environment. The fatty acid profile 
of domestic sewage sludge (DSS) derived biodiesel is quite different from the vegetable oil-
based biodiesel. Most of the vegetable oil derived FAME except POME (palm oil methyl 
ester), and PSME (palm stearin methyl ester) contains a higher percentage of 
polyunsaturated fatty acid. DSS based FAME are rich in saturated fatty acid, i.e., palmitic 
acid (C16:0) and myristic acid (C14:0) and monounsaturated fatty acid like oleic acid 
(C18:1). Various biodiesel fatty acid structure and their effect on CFPP and iodine value 
(associated with NO emission) are summarized in Table 4.7. SSB has 38.78 % saturated 
fatty acid (SFA) content. This is lower as compared to PSME (>65.08 %) and close to 
POME (41.17 %). SSB100 has better cold weather performance with CFPP of 4 0C better 
than the CFPP of palm oil (10 0C) and palm stearin (13 0C) biodiesel. Poor CFPP value is 
greatly influenced by the increased percentage of saturated fatty acid, i.e., palmitic acid 
(C16:0) and stearic acid (C18:0) as summarized in Table 4.7. SSB100 contains 12 % and 
35.91 % lesser saturated fatty acid (C16:0 and C18:0) than POME and PSME respectively. 
This is responsible for the improved CFPP of SSB100. CFPP less than 5 is preferable mostly 
in cold climate as per EN14214. Concluding Table 4.7, no concrete proof for myristic acid 
contribution on cold weather characteristic found. Lower C16:0 and C18:0 of rice bran, 
rapeseed, and soybean oil-derived biodiesel measured -3, -10, -5 0C CFPP (Priyadarshi and 
Paul 2017b). On the other hand, higher unsaturated fatty acid (UFA) content tends to 
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increase the iodine value (IV) that significantly encourage NOX emission. The study 
suggests low polyunsaturated fatty acid (PUFA) content along with the higher percentage 
of monounsaturated fatty acid (MUFA) leads to reduced IV (Priyadarshi and Paul 2017b). 
Therefore, SSB having IV (80-85 g I2/100 g) less than jatropha curcas, rapeseed, sunflower 
oil, and waste cooking oil-based biodiesel expect to cut in NOX emissions (pinzi et al. 2013). 
The comparatively higher concentration of oleic acid than linoleic and linolenic acid in SSB 
hinders rate of auto-oxidation (Hoekman and Robbins 2012). Significant concentration of 
monounsaturated fatty acid (C18:1- 35.01%, C20:1- 2.8% and C22:1- 4.3%) results high 
cetane number of SSB. This is in agreement with the study by Ramos et al. (2010). 
Table 4.7 Influence of fatty acids on CFPP and Iodine value of biodiesel. 
Biodiesel 
samples 
SFA (%) C16:0+C18:0 
(%) 
UFA 
(%) 
MUFA 
(%) 
CFPP  
(0C) 
Iodine 
value 
(g I2/100 
g) 
Permissible 
limit 
- - - - 5 (Max) 120 
(Max) 
Jatropha 
curcas 
18 18 80 36 1 105 
Palm oil 46.54 41.17 53.46 42.4 10 57 
Palm stearin 65.08 65.08 34.87 30 13 40 
Rapeseed 6.5 6.5 61.3 33 -10 109 
Soybean oil 14.9 14.9 84 24.9 -5 128 
Parboiled 
rice bran  
17.23 17.23 82.61 38.92 -3 107 
SSB 35-41 26-31 50-53 40-45 3-5 81-85 
 
4.1.5.2 Combustion parameters  
4.1.5.2.1 Cylinder pressure crank angle diagram 
The results of samples for pressure-crank angle data at full load for diesel, SSB100, SSB10 
SSB30, and SSB50 blends, its analysis at different crank angles locations with respect to 
the top dead center (TDC) are shown in Fig. 4.4. The value of maximum cylinder pressure 
depends mainly on combustion rate in primary stages, which is affected by fuel mixing in 
the uncontrolled heat release phase (Suryanarayanan et al. 2008; Agarwal et al. 2015).  
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Fig. 4.4 Cylinder pressure vs crank angle at full load 
The ignition process starts earlier by about 2 ˚CA for SSB100 than that of diesel at full load. 
Higher cetane number and presence of oxygen molecule in SSB100 are the prime reason for 
early start of combustion for SSB in comparison with diesel fuel. When the SSB percentage 
is increased to 30% and 50% in the diesel-SSB blend, the start of ignition became late by 
about 3 ˚CA than that of diesel at full load. Also, it is clear from the figure that the 
combustion starts later for the all blends than that of diesel, SSB100, and SSB10. The 
possible reason for late combustion of SSB30 and SSB50 blends is due comparatively less 
miscibility which results in poorer atomization and fuel-air mixture preparation (Zhou 
1992). This may also be due to a decrease in bulk modulus that causes longer ignition delay 
or extends delay period of fuel due to a reduction in density of the fuel. As shown in Fig. 
4.4 the peak pressure of diesel operated engine is highest than SSB100 and others fuel blends 
tested in this study.  
4.1.5.2.2 Delay period 
Delay Period (DP) or ignition delay for diesel, SSB100, SSB10 SSB30 SSB50 at various 
loads of operation are shown in Fig. 4.5. The DP is time taken between the start of injection 
and the start of combustion. With the increase in load, cylinder gas temperature increases 
which further decreases the DP period. The DP of SSB100, SSB10, SSB30, and SSB50 
blends are found to be lower as compared to diesel fuel at all loads. This is because of higher 
cetane number of SSB which enhances the ignition quality of injected fuels (Sayin et al. 
2010). The values of DP for diesel, SSB100, SSB10, SSB30, and SSB50 blends are 11.5, 
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10.2, 11, 11.4 and 11.9 ˚CA respectively at full load. In general DP of diesel engine depends 
on various parameters. Among those parameters degree of fuel atomization and viscosity of 
fuel are known as the key conditions. The increase in the fuel viscosity results in poorer 
atomization and large size fuel droplets. The potential reason for longer DP for SSB30 and 
SSB50 blends is the fact that the larger size of fuel droplets consumes more time for the 
start of combustion and hence the delay period is increased. 
 
Fig. 4.5 Delay period vs brake power 
4.1.5.2.3 Heat release rate  
The heat release rate (HRR) was calculated by analyzing the pressure history in the cylinder 
using a single zone model with the first law of thermodynamics. The average value of ten 
consecutive cycles was assumed for calculating all combustion parameters. Fig. 4.6 shows 
the HRR per degree crank angle for the different test fuels at rated load. Similar observations 
were recorded at other loads also. Due to longer DP of diesel the intensity of burning phase 
mixture increases which results in higher HRR compared to other fuels tested in this study. 
Because of shorter DP in the case of SSB100, the lesser heat was produced. SSB100 
contains a higher cetane number than diesel fuel. After the transesterification process, the 
cetane number of biodiesel further increased. This parameter indicates good atomization 
and vaporization characteristics of the fuel. Hence, complete combustion is possible, if the 
heat release rate is increased for all the fuels. However, due to the lower calorific value of 
SSB100, the heat release rate is slightly lower than diesel. It is noticed from the figure that 
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HRR is reduced only by about 2% for SSB10 whereas for blends the HRR is reducing as 
the percentage of SSB is increasing in the blends when compared to diesel fuel. 
 
Fig. 4.6 Heat release rate vs crank angle at full load 
4.1.5.3 Performance parameters 
4.1.5.3.1 Brake thermal efficiency 
The trends of brake thermal efficiency (BTE) with brake power for diesel, SSB and three 
fuel blends are shown in Fig. 4.7. The BTE is the important term regarding the evaluation 
of engine performance and is defined as the ratio between the power output and energy 
introduced through fuel injection, the latter being the product of the injected fuel mass flow 
rate and the lower heating value of the fuel (Suryanarayanan et al. 2008). The BTE depends 
upon many factors such as the calorific value of the fuel, density and viscosity, etc. (Agarwal 
et al. 2015). It was observed that the engine produces maximum BTE of 29.89% in the case 
of diesel operation during entire engine operation. This result is expected due to higher 
calorific of the diesel compared to all fuels tested in this study.  The BTE of SSB100, SSB10, 
SSB30, and SSB50 blends were noticed by about 29.3%, 29.5%, 28.4% and 27.5% 
respectively, at full load. It can be seen that as the percentage of SSB is increased beyond 
10%, there is a tendency to decrease in BTE of the blends. The BTE of the blends with a 
higher percentage of SSB was lower due to coarse spray formation, poor atomization and 
mixture formation of blends during injection, because of the higher viscosity of SSB than 
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diesel. The maximum BTE of the engine was of 29.5% (at full load condition) for SSB10 
blend among all the blends tested. The engine produced an almost identical performance of 
diesel with SSB10 fuel blend under different engine load condition applied. SSB100 showed 
improved performance instead of low heating value due to higher oxygen content enhances 
the complete combustion of injected fuel (Sharma and Murugan 2014).  
 
Fig. 4.7 Brake thermal efficiency vs brake power 
4.1.5.3.2 Exhaust gas temperature 
The variation in exhaust gas temperature (EGT), with respect to brake power, is shown in 
Fig. 4.8. The amount of heat loss in terms of exhaust gases is provided through EGT 
(Sharma and Murugan 2014). It can be seen from the figure that EGT increases with the 
increase in brake power for all the fuels. EGT of 303, 298, 310, 307 and 325 observed for 
diesel, SSB100, SSB10, SSB30 and SSB50 respectively. Approximately equal EGT 
observed for SSB100 and SSB10 in all loads other than full load condition. Instead of lower 
calorific value reduced heat loss in SSB100 displayed improved BTE. However, higher EGT 
for SSB50 reported in all loading condition that is used to relate cut down in BTE compared 
to other tested fuels. 
4.1.5.4 Emission parameters 
4.1.5.4.1 Carbon monoxide emission 
Fig. 4.9 shows the plots of carbon monoxide (CO) emission of diesel, SSB and different 
blends used in this study at different load conditions. It is evident from the figure that the 
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amount of CO emissions is lower for SSB, and its diesel blend compared with baseline 
diesel operation during entire engine operation which indicates better combustion. The 
reason behind lower CO emission is the complete burning of the fuel droplets due to oxygen 
bound fuel of SSB (Sharma and Murugan 2017). But this trend deviates when the percentage 
of SSB decreases in the blends. 
 
Fig. 4.8 Exhaust gas temperature vs brake power 
The values of CO emission for diesel, SSB, SSB10, SSB30 and SSB50 blends are 0.044, 
0.035, 0.042, 0.04 and 0.0 37% respectively at full load. However, in g/kWhr scale diesel, 
SSB, SSB10, SSB30 and SSB50 blends resulted 2.45, 1.88, 2.40, 2.22, and 2.07 g/kWhr CO 
emission, respectively. It is also reported that the increase in chain length of methyl esters 
increases the boiling point and also affects the formation of CO and HC emissions (pinzi et 
al. 2013). The advantage with SSB is that maximum amount of esters present in it is of 
shorter chain length and less polyunsaturated, which helps the reduction of CO emission.  
The SSB100 and SSB10 blend resulted by about 23.26 % and 2.04 % decrease in CO 
emission, respectively than fossil diesel. The CO emissions are also affected by blend ratio, 
speed, injection timing, pressure, and air-fuel ratio, etc. 
4.1.5.4.2 Hydrocarbon Emission 
The variation of hydrocarbon (HC) emission for different test fuels at different engine load 
is depicted in Fig. 4.10. The HC emission depends upon many factors such as fuel viscosity, 
engine design parameters (injection pressure, timing, compression ratio), over mixing and 
under mixing, etc. (Fazal et al. 2011; Sharma and Murugan 2017b). The HC emission 
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decrease for all SSB-diesel blends in relation to pure diesel and lowest for SSB across the 
entire engine operation. This is obvious due to excess oxygen available in SSB which helps 
for complete combustion. The values of HC emission for diesel, SSB, SSB10, SSB30, and 
SSB50 blends are recorded as 26, 18, 24, 22 and 20 ppm respectively at rated engine load. 
HC emission of 0.0595, 0.0476, 0.0596, 0.0592 and 0.0573 g/kWhr measured for diesel, 
SSB100, SSB10, SSB30 and SSB50 blends in g/kWhr scale. The SSB100 provide by about 
20% reductions in HC emission whereas; SSB10 resulted in similar HC emission as fossil 
diesel. The shorter delay period associated with SSB and its higher cetane number also 
reduce the over mixing which is one of the prime cause of HC emissions.  
 
Fig. 4.9 Carbon monoxide emission vs brake power 
4.1.5.4.3 Nitric oxide emission 
Reasons behind the formation of nitric oxide (NO) emission are thermal root leading to 
thermal nitric oxide; hydrocarbon fragment related root leading to prompt nitric oxide and 
fuel bound nitrogen that result fuel bound nitric oxide (Gumus et al. 2012; Devan and 
Mahalakshmi 2009). The NO emission due to thermal root depends on the combustion 
temperature and presence of oxygen (Nagaraja 2012). Generally, the complete combustion 
results in higher combustion temperature, which yields higher NO emission. Again, the fatty 
acid structure influences iodine value and increase in iodine value causes an increase in NOx 
emission. Polyunsaturated fatty acid is susceptible to auto-oxidation that enhance NOx 
emission. When pure methyl esters of oleic acid (18:1), linoleic acid (18:2), and linolenic 
acid (18:3) used, the relative autoxidation rate was determined to be 1:41:98 (Dunn 2008; 
Moser 2009). 
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Fig. 4.10 Hydrocarbon emission vs brake power 
 
Fig. 4.11 Nitric oxide emission vs brake power 
The SSB moderately rich in saturated fatty acid and monounsaturated fatty acid exhibits low 
iodine value (80-85 g I2/100 g) compared to number of vegetable oil-based biodiesel like 
soybean oil (128 g I2/100 g), jatropha (105 g I2/100 g), rice bran oil (107 g I2/100 g), 
sunflower oil (132 g I2/100 g), rapeseed oil (109 g I2/100 g) and calophyllum inophyllum 
(82-98 g I2/100 g). Variation of NO emission with diesel, SSB and diesel-SSB blends are 
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presented in Fig. 4.11. Minimum value of NO emission was observed for diesel operated 
engine compared to all test fuels used in this experiment. The NO emission of 452, 614, 
481, 498, and 515 ppm were noticed for diesel, SSB, SSB10, SSB30, and SSB50 blends, 
respectively. In g/kWhr scale, diesel, SSB, SSB10, SSB30 and SSB50 blends measured 
2.91, 4.05, 3.10, 3.19 and 3.34 g/kWh NO emission. It can be concluded from the figure 
that the NO emission increases with the increase in the percentage of SSB in the blend at 
full load as a result of an increase in oxygen content in the blends.  
4.1.5.4.4 Smoke opacity 
The smoke or soot particle consists of carbon particle (Gumus 2010). The variation of smoke 
opacity with brake power for different test fuels is shown in Fig. 4.12. It is depicted from 
the figure that the smoke opacity is increased from no load to full load due to the increase 
in mass of fuel injected (Caton et al. 2011).  The lowest value of smoke opacity is noticed 
with SSB among all the fuels tested in this experiment.  
 
Fig. 4.12 Smoke opacity vs brake power 
The improved combustion characteristics of blends may lead to fewer unburned fuel 
particles impinging on cylinder wall, i.e. wall quenching. The SSB and its diesel blends as 
fuels in diesel engine significantly reduce the smoke opacity due to 11.2 % oxygen content 
of SSB100. A vast reduction in smoke opacity is observed with SSB100 especially at high 
load.  The presence of aromatic in diesel is the main reason for higher smoke opacity with 
diesel. The value of smoke opacity for diesel, SSB, SSB10, SSB30 and SSB50 blends are 
86.2, 52.2, 78.3, 63.1 and 56.1 % respectively, at a rated power of 4.4 kW. 
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4.1.6 Conclusion remarks 
In this experimental study, biodiesel was produced by using sewage sludge and blended in 
different ratios with diesel to get the fuels, i.e. SSB100, SSB10, SSB30 and SSB50 for this 
study. The characterization of these fuels was done to find out different physicochemical 
properties. Further, these fuels were used in a single cylinder diesel engine to analyze engine 
behavior in terms of combustion, performance and emission characteristics. Based on the 
results and comparison made with diesel result following observations were noted down: 
The observed fatty acid profile of SSB is unique in terms of balanced saturated fatty acid 
content that ensures improved CFPP of fuel. The prime issue for commercialization of 
sewage sludge biodiesel is the variation of the fatty acid profile. However, conducted lipid 
profile test in the current study region Rourkela, Odisha (India) found no significant 
variation observed in fatty acid contents. Specifically, fewer C18:2 and C18:3 percentages 
studied for worldwide SSB guarantees the fuel of better stability, reduced auto-oxidation 
and fewer pollutant emissions. Moreover, SSB can also be blended with biodiesel derived 
from other feedstocks which contain higher polyunsaturated fatty acids, resulting in reduced 
auto-oxidation by lowering C18:2 and C18:3 concentrations. The low iodine value, shorter 
ignition delay ensured lower nitrogen oxide emission for SSB100 compared to other 
unsaturated fatty acid-rich biodiesel.  
The presence of oxygen molecule in SSB results in early start of combustion for SSB and 
SSB10 blend compared to those of diesel. The availability of high monounsaturated fatty 
acid in SSB validates better combustion characteristics. The DP of SSB100, SSB10, SSB30, 
and SSB50 blends are found to be lower as compared to diesel fuel at all loads. The values 
of DP for diesel, SSB100, SSB10, SSB30 and SSB50 blends are 11.5, 10.2, 11, 11.4 and 
11.9 ˚CA, respectively at full load. The HRR was reduced only by 2% for SSB10 whereas 
for blends further reduction in the values of HRR was notices as the percentage of SSB 
increased in the blends when compared to diesel fuel. 
The BTE of SSB100, SSB10, SSB30, and SSB50 blends were noticed by about 29.3%, 
29.5%, 28.4% and 27.5% respectively, at full load. The brake thermal efficiency of SSB10 
is little interior to diesel. The SSB10 displayed better brake thermal efficiency after diesel. 
The SSB50 and SSB30 blends experienced difficulty in miscibility that causes a significant 
amount of heat loss and affects the overall engine performance.  
The SSB100 blend provided a reduction in the CO, HC and smoke emissions of 23.26%, 
20% and 34% than that of diesel, at full load respectively. 
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The SSB10 blend provided a reduction in the CO, and smoke emissions of 2.04%, and 7.9% 
than that of diesel, at full load respectively. The SSB10 resulted by about 6.5% higher NOx 
emission at full load as compared to fossil diesel.  
Finally, it can be concluded that the SSB10 blend has an ample potential to be a substitute 
of some portion of diesel fuel as it gave optimum results in terms of combustion, 
performance and emission characteristics of the engine than those of other SSB-diesel 
blends used in this study.  
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4.2 Impacts of Biodiesel, Fuel Additive and Injection 
Pressure on Engine Emission and Performance4 
4.2.1 Coverage 
Major concern of today is the environmental pollution by emissions of gases from vehicles. 
Biodiesel is a cleaner alternative to petroleum diesel in terms of carbon monoxide (CO), 
hydrocarbon (HC) and smoke emission. However, biodiesel results in higher nitrogen oxide 
(NOx) with increasing performance, poor cold weather properties and relatively low brake 
thermal efficiency that sets a major disadvantage for its worldwide commercialization. 
Impact of biodiesel fatty acid contents was studied through various biodiesel and their blend 
so as to discover optimum fatty acid content for reduced NOx emission and sufficient brake 
thermal efficiency (BTE). Glycerol tert butyl ether (GTBE) is a transesterification 
byproduct and as a fuel additive that has the potential to serve these issues. Instead of 
increased BTE maximum, 10.5% reduction in NOx yield was observed with modified 
injection pressure and 2.5% GTBE concentration. Modified injection pressure of 240 bar 
and 5% GTBE resulted in maximum 20% cut in CO emission. All tested biodiesel fuels 
displayed a decrease in NOx emission with improved BTE at 2.5% and 5% GTBE addition. 
Injection pressure 220 bar and 240 bar in combination with GTBE enhanced BTE of fuels, 
significantly. Hence, this is essential to understand the factors affecting performance and 
emissions in order to determine the best combination (fatty acid contents, injection pressure, 
and fuel additive) for the alternative to fossil fuel. Modification in injection pressure was 
introduced to enhance the performance of the engine. Influence of fatty acid profile was also 
analyzed and presented through Taguchi model. 
Usually with the introduction of higher injection pressure, the engine efficiency increases 
but in the case of biodiesel, the NOx emission also increases significantly. In this work, the 
fuel additive GTBE was blended with biodiesel for engine analysis under the influence of 
high injection pressure, in order to enhance the engine performance and reduce the NOx 
yield, simultaneously. Various fuel additives were used before to influence engine analysis. 
Use of GTBE as a fuel additive is an innovative attempt. Because, this additive is a by-
product during biodiesel production and hence, negligible production cost. 
                                                 
4 Priyadarshi, D., and Paul,  K.K. (2018c). Impacts of biodiesel, fuel additive and injection pressure on engine 
emission and performance. Journal of energy engineering (ASCE). Accepted (October 2018). 
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4.2.2 Study foundation 
Depletion of fossil diesel, mounting market prices of oil and increasing energy requirement 
worldwide has persisted researchers to look into renewable energy sources possible 
replacements for internal combustion engine powering (Arazo, Luna, and Capareda 2017; 
Lee and Lee 2017). Biodiesel is a renewable energy source. Hence, its ability in delivering 
required energy for transportation is likely to increase considerably. Dependent upon the 
local availability, various raw materials are being encouraged worldwide for biodiesel 
production. Indian biodiesel policy urges for utilization of non-edible feedstocks for the 
production of biodiesel as a populated country like India has a scarcity of edible oils. 
Vegetable oils as biodiesel feedstock require very high production cost and per hectare 
production is not always satisfactory. Waste cooking oil (WCO) and sewage sludge are a 
rich source of biodiesel along with negligible raw material price (Magdalena Olkiewicz et 
al. 2016; Avinash and Murugesan 2017; Priyadarshi and Paul 2018a). But WCO properties 
may vary due to the choice of oil by consumers and sewage sludge properties may also vary 
from place to place, hence not a continuous source of biodiesel. However, both can be a 
great option to influence the properties of other biodiesel by blend preparation. 
An optimized fatty acid structure may improve the physicochemical properties as well as 
the emission problem (Schönborn et al. 2009). In that case, dual biodiesel blend prepared 
with kitchen food waste and sewage sludge-derived biodiesel can be helpful as they are rich 
in oleic acid and saturated fatty acid (Priyadarshi and Paul, 2018b). Modification to injection 
pressure is a substitute to counter issues associated with poor engine performance. Other 
than engine modifications use of fuel additives can influence the performance, combustion 
and emission profiles significantly (Anbarasu and Karthikeyan 2010; Hernández et al. 
2012). Cerium Oxide Nanoparticle as fuel additive lowered NOx emission and improved 
BTE. Glycerol derived fuel additive minimized NOx, smoke opacity and particulate matter 
yield but resulted in relatively higher HC emission and carbon dioxide emission (Hernández 
et al. 2012). Ethanol, acetoacetic and dicarboxylic acid esters, methyl tert-butyl ether, 
dimethoxymethane, ethane and propane, dimethyl ether, N-octyl nitramine, JP-8 are widely 
used oxygenated fuel additives (Labeckas, Slavinskas, and Vilutiene 2015). Utilizing ethers 
with diesel fuel minimizes CO, HC, and particulate matter emission and lowers carbonyl 
compounds in exhaust gas emissions (Kaul et al. 2015). Butanol is unique fuel additive 
resulting fewer CO, HC and NOx emission simultaneously, with improved performance 
(Dogan 2011). Butanol enhanced biodiesel brake thermal efficiency and resulted in 37.5% 
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less CO emission and 9% higher NOx yield than diesel. Another fuel additive, Butylated 
hydroxytoluene in combination with biodiesel measured similar brake thermal efficiency 
and brake specific fuel consumption as diesel but resulted in higher CO, HC and NOx 
emission than pure biodiesel (Prabu et al. 2017).  
4.2.3 Method and materials 
4.2.3.1 Preparation of test fuels for engine analysis 
Four different biodiesel samples in terms of fatty acid concentration were subjected to 
engine analysis. Initially, biodiesel were prepared from rice bran, kitchen food waste, and 
sewage sludge. Lipid extraction from rice bran and sewage sludge were performed through 
the methods summarized at Section 3.1 and 3.2, respectively ( Priyadarshi and Paul 2017a, 
2017b). Extracted rice bran lipid and sewage sludge-derived lipid were subjected to single 
phase microwave transesterification method formerly described (Section 3.3). Respective 
lipids were transesterified under microwave influence at microwave cell pressure: 2.2 MPa, 
temperature: 1700C, reaction time: 4 min, catalyst concentration: 0.5 wt% and single phase 
blend ratio 1:6:30 (lipid: Methyl tert butyl ether: methanol). Kitchen food waste-based 
biodiesel (KWOB) were also prepared by following this economically ease process 
mentioned at section 3.3 (Priyadarshi and Paul, 2018b). Palm stearin methyl ester (PSME) 
were purchased from Anand oil limited, Kolkata. 
KWOB, PSME, and RBME were selected as test fuels due to uniqueness in fatty acid 
structure from one another. Fourth test fuel was prepared by blending SSB and RBME at 
2:3 ratio.  Such a ratio is chosen in order to have relatively low unsaturated fatty acid content 
and nearly equal saturated fatty acid (SFA) and monounsaturated fatty acid (MUFA) 
content. In this way, an increasing percentage of unsaturation and its effects on emission 
and performance can be studied. Biodiesel fuels selected for the current investigation were 
detailed in Table 4.8. The fatty acid contents of the above-mentioned biodiesel fuels were 
given in Table 4.9. Physico-chemical properties of test fuels were summarized in Table 4.10. 
SSB, RBME, KWOB were produced from its raw material through transesterification 
method described by Priyadarshi and Paul (2018b). This single phase closed vessel 
microwave transesterification results in glycerol tert-butyl ether (GTBE) as a byproduct 
instead of traditional byproduct glycerol (Priyadarshi and Paul 2018b). This GTBE has been 
used as a fuel additive for the present study. 
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Table 4.8 Test fuel blending proportion 
Fuel Fuel name 
Blend ratio 
(% by volume) 
Biodiesel 1  Biodiesel 2  
1 KWOB - KWOB - 
2 PSME - PSME - 
3 SSRB 2:3 SSB RBME 
4 RBME - RBME - 
5 KWRB 3:2 KWOB RBME 
 
Table 4.9 Test fuel fatty acid contents 
Fatty acid 
methyl 
ester (%) 
SSB KWOB PSME SSRB RBME KWRB 
C14:0 9.59 - - 3.83 - - 
C16:0 24.87 15.6 64.48 20.37 17.37 16.18 
C18:0 4.32 - - 1.72 - - 
C18:1 35.01 60.96 30.59 43.72 49.54 57.15 
C18:2 5.5 13.45 4.91 17.7 25.84 17.57 
C18:3 3.34 3.23 - 5.67 7.23 4.56 
C20:1 2.8 6.74 - 1.12 - 4.49 
C22:1 4.3 - - 1.72 - - 
 
4.2.3.2 Engine analysis 
Description of the Test Engine and Experimental Procedure were described in section 4.1.4. 
The detailed technical specifications of the test engine are explained in Table 4.2. The 
schematic diagram of the experimental setup is depicted in Fig. 4.1. Picture of experimental 
setup as given in Fig. 4.13.  
The uncertainties of individual instruments were determined and added to establish overall 
uncertainty of the current investigation. Range, accuracy, and uncertainty of the Instruments 
are summerized in section 4.1.4.4. 
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Table 4.10 Biodiesel standards and their properties 
Properties Units Standard 
methods 
Biodiesel 
standard 
(EN 14214) 
KWOB PSME SSRB RBME 
Density at 
15.5 0C 
Kg/m3 ISO 3675 860-900 880 867 873 881 
Calorific 
value 
Mj/kg ASTM 
D240 
35 41.62 38.18 40.25 39.77 
Kinematic 
viscosity at 
40 0C 
mm2/s EN ISO 
3104 
3.5-5.0 4.5 4.11 4.39 4.27 
Oxidative 
stability at 
110 0C 
H ASTM 
D6751 
3 (min) 4.1 3.8 3.2 2.8 
Cetane 
number 
- ASTM 
D6890 
51 56 63 54 51 
Iodine 
value 
g I2/100 
mg 
EN 14111 120 (max) 83 41 101 109 
Flash point 0C D93 120 (min) 178 192 184 176 
CFPP 0C EN 116 - -2 10 0 -3 
 
4.2.3.3 GTBE additive 
Formation of GTBE (glycerol tert butyl ether) was detailed in section 3.3.5. Prepared test 
fuels were blended with GTBE at 0% (0% GTBE and 100% biodiesel), 2.5% (2.5% GTBE 
and 97.5% biodiesel), 5% (5% GTBE and 95% biodiesel) and 7% (7% GTBE and 93% 
biodiesel). After mixing, blends were stored at around 25 0C to 35 0C for 15 days before 
engine analysis. Key fuel properties like iodine value (IV), oxidative stability (OS), 
kinematic viscosity (KV) at various GTBE addition were given in Table 4.11. Few 
sediments were observed for a blend with 7% GTBE. Effects of GTBE on fuel performance 
and NOx emission were precisely evaluated during the investigation. 
4.2.3.4 MOORA method in combination with Taguchi model 
Details regarding Taguchi model and MOORA optimization techniques are already 
mentioned in section 2.3.1.  
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Fig. 4.13 Picture of the experimental setup 
4.2.4 Results and discussion  
Experiments were performed with precision. The obtained results were fed in Taguchi 
generated worksheet to determine the significance of parameters involved, i.e., fuel fatty 
acid structure, injection pressure, and GTBE concentration. The significant impact of the 
parameter was given by ‘p<0.05’. The model generated plots were provided to visualize the 
influence of parameter levels and to identify the optimum level. In the present study, 
minimum BTE of 29.89% (BTE of petroleum diesel) or above with reduced NOx emission 
for respective fuel sample were considered as optimum BTE. Modification in injection 
pressure was introduced in order to achieve improved BTE. All fed results in Taguchi and 
MOORA sheets are the values measured at full load condition (4.4 kW). Contour plots (Fig. 
4.14, Fig. 4.17, Fig. 4.18, Fig. 4.19 and Fig. 4.20) for emission and brake thermal efficiency 
were generated through Taguchi model. Different colors were used to mark the expected 
response at the particular interaction of parameters at both axis, and the approximate range 
of response was provided at a top right corner of the figure. These plots are mainly utilized 
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to trace the interaction (parameter at both axes) for best output (i.e., low response value for 
emission and high value for brake thermal efficiency). 
Table 4.11 Properties of GTBE added test fuels. 
Fuel 
Iodine value ( g 
I2/100 mg) 
Kinematic 
viscosity (mm2/s) 
Oxidative 
stability (h) 
Moisture content 
(%) 
KWOB + 
2.5% GTBE 
79 4.43 4.3 1.6 
KWOB + 5% 
GTBE 
78 4.37 4.1 2.2 
KWOB + 7% 
GTBE 
77 4.36 3.7 3 
PSME + 
2.5% GTBE 
43 4.11 4 0.9 
PSME + 5% 
GTBE 
44 4.12 3.9 1.3 
PSME + 7% 
GTBE 
45 4.12 3.5 1.5 
SSRB + 
2.5% GTBE 
101 4.35 3.4 1.5 
SSRB + 5% 
GTBE 
99 4.33 3.3 2.2 
SSRB + 7% 
GTBE 
97 4.32 3 2.8 
RBME + 
2.5% GTBE 
106 4.23 3 1.5 
RBME + 5% 
GTBE 
105 4.22 2.8 2.2 
RBME + 7% 
GTBE 
102 4.2 2.5 2.9 
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4.2.4.1 NOX emission 
The coefficient of determination R2: 98.2% and R2 (adjusted): 95.6% represents the 
significance of Taguchi model for NOx emission. Smaller the better principle was used to 
optimize the NOx emission in Taguchi as well as in MOORA method. From Table 4.12, it 
can be concluded that the NOX emission is substantially dependent (p<0.05) on biodiesel 
type-fatty acid structure (p< 0.05), injection pressure (p< 0.05) and fuel additive i.e., GTBE 
(p=0.011). Main effect plot for SN ratio (Fig. A4.1) obtained the best performance in term 
of reduced NOX emission with fuel PSME, injection pressure 220 bar and 3% GTBE at full 
load condition. The contour graph in Fig. 4.14 represents the interacting effects of injection 
pressure and GTBE concentration on NOx emission discussed at below section. 
GTBE (%)
In
je
ct
io
n
 p
re
ss
u
re
 (
b
a
r)
752.50
250
240
220
200
>  
–  
–  
–  
<  3.5
3.5 4.5
4.5 5.5
5.5 6.0
6.0
NOx
 
Fig. 4.14 Contour plot for interactive effects of injection pressure and GTBE concentration on 
NOx emission 
Table 4.12 ANOVA table for NOx emission. 
Source DF Seq ss Adj SS Adj MS F P 
Fuel 3 19.1143 19.1143 6.3714 52.14 0.0001 
Injection pressure 3 17.8673 17.8673 5.9558 48.74 0.0001 
GTBE 3 3.4867 3.4867 1.1622 9.51 0.011 
Residual error 6 0.7332 0.7332 0.1222   
Total 15 41.2015    
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4.2.4.2 Impact of biodiesel fatty acid structure and GTBE additive 
PSME, i.e., palm stearin methyl ester is rich in palmitic acid (C16:0-61%) and oleic acid 
(C18:1-30%). Higher palmitic acid implies to more saturated fatty acid (SFA) content and 
very less polyunsaturated fatty acid (PUFA) content that leads to less NOx emission 
(Hoekman and Robbins 2012). It is also observed that the fuel (KWOB) with high 
monounsaturated fatty acid and low polyunsaturated fatty acid content resulted in lesser 
NOX emission. It was visualized from Fig. 4.15 that the biodiesel with higher PUFA content 
(RBME and SSRB) experienced maximum impact of 2.5% GTBE addition  as compared to 
biodiesel having higher SFA (Fuel 2: PSME) and MUFA (Fuel 1: KWOB). Because SFA 
and MUFA rich biodiesel already has a reduced emission profile.  
  
Fig. 4.15 NOx emission under a constant injection pressure of 220 bar 
4.2.4.3 Impact of modified injection pressure and GTBE additive 
The current study also explored the possible methods to lower the emissions through 
modified injection pressure and GTBE addition. Sharma and Murugan (2014) had found an 
inversely proportional relation between injection pressure and NOx emission where an 
increase in injection pressure causes an increase in NOx emission. Higher density and 
kinematic viscosity of the biodiesel set a barrier in trouble-free fuel injection at normal 
injection pressure (200 bar) and causes pre-mixed burning  (Sharma and Sivalingam 2014). 
Fig. 4.14 provides an idea about the trend of NOx emission at a various injection pressure, 
GTBE concentration and at their interaction. Contour graph (Fig. 4.14) discovered reduced 
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NOx emission when injection pressure was increased from 200 bar to 220 bar. This is due 
to the reduced pre-mixed burning with a particular injection approach (Choi and Reitz 
1999). Further increasing the injection pressure up to 240 bar resulted in higher NOx 
emission due to the smooth supply of fuel droplet into the combustion chamber that leads 
to maximum peak pressure and the temperature inside. Fig. 4.14, Fig. 4.15 and Fig. 4.16 
observed minimum NOX emission at 2.5% GTBE and 220 bar injection pressure for all test 
fuels at specified conditions. At constant injection pressure, all test fuels displayed reduced 
NOx with 2.5% GTBE. GTBE 5% in biodiesel test fuels resulted in higher NOX emission 
than that of 2.5% GTBE. However, it is still less than or nearly equal to 0% GTBE with 
improved BTE. The injection pressure of 220 bar and 200 bar exhibited similar NOx yield 
at 2.5% GTBE content (Fig. 4.16). An injection pressure of 220 bar presented fewer 
emission at 5% and 7% GTBE as compared to all tested injection pressure.  
Usually, the oxygen and cylinder temperature have the main impact on NOx formation. 
Biodiesel/GTBE blends (2.5% and 5% GTBE) resulted in relatively low NOx than pure 
biodiesel that may be due to lower flame temperature and higher heat of evaporation of 
blend prepared with GTBE (Ayhan 2013). GTBE being nonaromatic compound and around 
5-7% moisture content can be beneficial at suppressing NOx. Moisture in fuel results 
reduced adiabatic flame temperature that minimizes the NOx emission and at the same time 
excess of it tends to degrade the BTE (Ayhan 2013). Due to these conflicting factors, 
biodiesel/GTBE blend may result in less NOx. 
 
Fig. 4.16 NOx emission of KWOB at different injection pressure and GTBE concentration 
3
3.5
4
4.5
5
5.5
6
0% 2.50% 5% 7%
N
O
x
 (
g
/k
W
h
r)
GTBE in Fuel (%)
200 bar 220 bar 240 bar 250 bar
 158 
 
4.2.4.4 Influence of biodiesel physicochemical properties 
 NOx emission is the product of several parameters like iodine value, cetane number, 
ignition delay, combustion pressure and exhaust gas temperature (EGT). In this study, the 
impact of IV and CN were precisely analyzed. The key physicochemical properties of 
biodiesel/GTBE blend were summarized in Table 4.11. Several studies established the 
conception of higher NOx emission with improved BTE and cetane number (Labeckas, 
Slavinskas, and Vilutiene 2015; Hoekman and Robbins 2012; Ramos et al. 2009). Further, 
high CN is associated with esters of saturated fatty acids, i.e., C16:0 and stearic C18:0 
(Ramírez-verduzco, Rodríguez-rodríguez, and Jaramillo-jacob 2012). However, the MUFA 
content highly influences the performance of biodiesel fuel especially, oleic acid (C18:1). 
Hence, only increased SFA percentage, i.e., C16:0 and C18:0 cannot decide ignition 
characteristic of biodiesel. Instead of higher CN (63) that usually stand for less CO, HC and 
PM emission and higher NOx emission, the low IV of 40 g I2/100g due to fewer PUFA 
content influenced (lowered) the NOx emission (Table 4.11). Biodiesel with relatively low 
CN, i.e., KWOB, SSRB, and RBME produced considerably higher NOx than PSME.  
It was observed that an increase in biodiesel PUFA content increased NOx emission. 
Relative rates of oxidation of oleic acid, linoleate acid, and linolenate acid methyl esters are 
1, 41 and 98, respectively. Hence, the oxidative stability has a direct influence on NOx yield. 
Fig. 4.15 depicts that the relative oxidative stability of biodiesel influence the emission. For 
a better comparison oxidative stability of biodiesel used in this study were given in Table 
4.10. More the amount of SFA content higher is the OS and lower the NOx yield. RBME 
with highest PUFA content (PUFA: 33.07%) yield maximum NOx. SSRB (PUFA: 23.37%), 
KWOB (PUFA: 16.68%) and PSME (PUFA: 4.91%) resulted in second, third and fourth 
largest NOx emissions, respectively. SSRB measured higher NOx yield compared to 
KWOB instead of very similar PUFA contents. The major difference is the higher oleic acid 
level and relatively low C18:2 and C18:3 percentage of KWOB (60.96%) that favors fewer 
NOx formation. GTBE addition reduces the overall aromatic content of biodiesel to result 
in less NOx yield.  
Previous study suggests that NOx formation is a function of cylinder pressure and exhaust 
gas temperature (Al-Shemmeri and Oberweis 2012). It can be observed from Table 4.13 and 
Table 4.14, and Taguchi analysis that the trend followed for NOx emission is the same as 
that of the EGT. R2= 95.7% and R2 (adj) = 89.2% were obtained for EGT in Taguchi 
optimization.  Model found EGT is significantly dependent (p<0.05) on biodiesel type-fatty 
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acid structure (p=0001), injection pressure (p=0.003). However, no such relationship was 
established between cylinder pressure and NOx when experiments were performed under 
modified injection pressure and additive effect. More or less inclusion of fuel additive 
influenced the cylinder pressure pattern (Anbarasu and Karthikeyan 2010). 
4.2.4.5 CO and HC emission 
All fuel samples exhausted all most similar HC emission irrespective of fuel type. Biodiesel 
samples of unique fatty acid structure resulted in the least variation in HC emission. 
Therefore, this factor was not considered during MOORA analysis as it is not introducing 
any significant changes to the final result. The coefficient of determination R2: 98.5% and 
R2 (adjusted): 89.5% describes the significance of Taguchi model for CO emission. Model 
traced the major impact of GTBE (p=0.001) in reducing CO emission. Introduction of 
GTBE to fuel sample reduced CO emission extensively (Fig. 4.17 and Fig. 4.18). For all 
test fuels increasing GTBE addition up to 5% showed reduced CO emission, whereas, highly 
saturated biodiesel recorded lower yield (Fig. 4.18). From Fig. 4.18, CO emission for 
biodiesel with and without GTBE can be compared. Increase in injection pressure witnessed 
a decrease in CO emission (Fig. 4.17). This is because higher injection pressure up to 240 
bar resulted in an increase in BTE due to better air-fuel atomization and more complete 
combustion. At 5% GTBE and injection pressure of 240 bar maximum 17.33%, 20%, 18.8% 
and 18.41% reduction in CO emission were measured for KWOB, PSME, SSRB, and 
RBME, respectively. The current study could not establish any particular pattern of HC 
emission with variation in test parameters.  
4.2.4.6 Brake thermal efficiency 
Taguchi model concluded that the BTE is mainly dependent (p<0.05) on biodiesel type-
fatty acid structure (p=0.005) and injection pressure (p= 0.038). Use of fuel additive 
(p=0.488) has a little or insignificant impact on resulting BTE. The model obtained 60.24%, 
25.82% and 4.3% contribution of fatty acid structure, injection pressure, and GTBE 
addition, respectively to BTE. Taking apart the fuel type and considering a modification in 
the engine analysis process, injection pressure and GTBE addition have 64.9% and 11% 
influence on BTE, respectively. Signal to noise ratio plot of BTE obtained injection 
pressure: 240 bar and GTBE: 5% for improved performance (Fig. A4.2). 
 
 
 160 
 
Table 4.13 Response sheet of engine performance and emission in the L16 orthogonal array. 
Fuel 
Injection 
pressure 
GTBE 
(%) 
NOx 
(g/kWh) 
CO 
(g/kWh) 
HC 
(g/kWh) 
BTE 
(%) 
  
EGT 
(0C) 
1 1 1 3.84 2.25 0.05 29.1 307 
1 2 2 3.75 2.02 0.02 30.14 298 
1 3 3 4.71 1.86 0.04 30.61 317 
1 4 4 5.68 2.1 0.07 29.88 339 
2 1 2 3.23 1.99 0.04 25.89 287 
2 2 1 3.1 2.14 0.03 26.34 281 
2 3 4 4.28 1.87 0.04 29 301 
2 4 3 4.89 1.91 0.06 28.41 311 
3 1 3 5.25 2 0.08 29.01 329 
3 2 4 5.01 2.11 0.07 29.76 325 
3 3 1 5.66 2.27 0.07 30.13 341 
3 4 2 5.98 2.09 0.09 30.86 355 
4 1 4 5.15 2.29 0.19 28.56 305 
4 2 3 5.47 1.97 0.1 30.42 313 
4 3 2 5.12 2.06 0.12 30.05 309 
4 4 1 6.29 2.45 0.15 29.67 344 
 
Table 4.14 Levels used in Table 4.13. 
Level 
Fuel 
Injection pressure 
(bar) GTBE (%) 
1 KWOB 200 0 
2 PSME 220 2.5 
3 SSRB 240 5 
4 RBME 250 7 
 
4.2.4.7 Interactive effects of parameters  
The reference fuel, i.e., petroleum diesel measured BTE of 29.89%. Hence, test fuels with 
BTE more than 29.89% should be preferred as a better alternative to diesel. So as to achieve 
higher BTE, injection pressure modification was analyzed. Fig. 3.19 shows the interaction 
impact of GTBE and fuel type on BTE. It was observed in Fig. 3.19 that except PSME, rest 
test fuels were measured 29.89% or higher BTE at 2.5%, 5% GTBE additive. Biodiesel with 
higher MUFA (KWOB) and moderate PUFA (SSRB) displayed higher BTE than rest. It is 
also observed that the GTBE addition affected the highly unsaturated biodiesel 
substantially. 
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Fig. 4.17 Contour plot for interactive effects of injection pressure and GTBE concentration on CO 
emission 
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Fig. 4.18 Contour plot for interactive effects of fuel type and GTBE concentration on CO emission 
However, 7% GTBE has recorded decreased BTE. Fuel with GTBE concentration more 
than 5% reduced oxidative stability and increased moisture content (Table 4.11) and tend to 
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sediment on larger storage span for all test fuels and never showed a particular trend for 
BTE.  As per Table 4.11, GTBE 5% in fuel exhibits reduced kinematic viscosity that adds 
to fuel quality. More of GTBE in fuel reduces kinematic viscosity but degrades fuel 
properties by violating the standard limit of glycerol in fuel that is also the cause behind 
poor performance. 
Table 4.15 Normalized assessment values of the responses and MOORA index. 
 
S.N BTE (max) Nox (min) CO (min) Total (min) 
MOORA 
index (yi) 
1 1.808103 0.374197 0.151226 0.525423 1.28268 
2 1.939652 0.356862 0.121889 0.478751 1.460901 
3 2.000617 0.562962 0.103345 0.666307 1.33431 
4 1.906332 0.818718 0.131735 0.950453 0.955879 
5 1.431203 0.264754 0.118296 0.38305 1.048154 
6 1.481388 0.243871 0.136801 0.380673 1.100715 
7 1.795698 0.464863 0.104459 0.569322 1.226376 
8 1.723375 0.606813 0.108976 0.715789 1.007586 
9 1.796936 0.699449 0.119488 0.818936 0.978 
10 1.89105 0.636961 0.132993 0.769954 1.121097 
11 1.938365 0.812962 0.153927 0.966889 0.971476 
12 2.033429 0.907486 0.130483 1.037969 0.99546 
13 1.741621 0.673057 0.156651 0.829708 0.911913 
14 1.975858 0.759298 0.11593 0.875227 1.10063 
15 1.928085 0.665238 0.126764 0.792003 1.136082 
16 1.87963 1.004012 0.179306 1.183318 0.696312 
 
Contour plot in Fig. 4.20 represent the impact of injection pressure and GTBE concentration 
on BTE. Overall, an injection pressure of 240 bar resulted in maximum BTE for all test 
fuels. Further increase in injection pressure causes smaller droplet size that led to inefficient 
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air-fuel atomization hence, the incomplete combustion that resulted in relatively low BTE. 
GTBE 2.5% and injection pressure 220 bar measured satisfactory BTE around 29.89% (Fig. 
4.20). Regardless of the fact that lower calorific value of GTBE/biodiesel blends, BTE of 
GTBE/biodiesel blends up to 5% GTBE was found to be higher. The enhancement in BTE 
can be referred to the increased oxygen content due to highly oxygenated GTBE, which 
improves combustion, particularly during the diffusion combustion phase. It has been 
observed that biodiesel/GTBE blend causes longer ignition delay at injection pressure: 220 
bar, thereupon a wider range fraction of fuel burned in the premixed mode, which elevates 
the BTE. 
GTBE (%)
F
u
e
l
752.50
RBME
SSRB
PSME
KWOB
>  
–  
–  
–  
<  27.0
27.0 28.0
28.0 29.8
29.8 30.5
30.5
BTE
 
Fig. 4.19 Contour plot for interactive effects of fuel type and GTBE on Brake thermal efficiency 
From model generated plots, it has been concluded that fuel fatty acid impacts significantly 
on BTE. Fuel 1 (KWOB) with 15.6% SFA, 67.7% MUFA and 16.68% PUFA and fuel 3 
(SSRB) with SFA 25.92%, MUFA 46.56% and UFA 23.37% displayed almost similar BTE 
(KWOB and SSRB with SN ratio: 29.521 and 29.522). Model-predicted KWOB and SSRB 
to achieve maximum BTE of 31.01% (experimental value: 30.61% and 31.02% 
(experimental value: 32.02%) with injection pressure 240 bar and GTBE 5%.  
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4.2.4.8 MOORA optimization  
MOORA optimization method was applied to produce optimal performance and emission 
parameters. The normalization of the output responses is done according to equation 2.5 
mentioned in section 2.3.1. It was used to calculate the normalized output responses. 
Taguchi generated orthogonal array was used as MOORA layout. For the BTE larger the 
better principle is considered to maximize, and NOx and CO are considered to minimize. 
The weight assigned to BTE, NOx emission and CO emission are 25%, 50%, and 25%, 
respectively. As the major objective is to reduce the NOx yield, maximum 50% weight 
assigned to it. Table 4.15, displays the normalized assessment values of the responses. The 
MOORA index (Yi) of the assessment values were calculated and fed to Taguchi response 
and the signal to noise ratio is determined as per larger the better principle to discover the 
optimum parameters. 
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Fig. 4.20 Contour plot for the interactive effects of injection pressure and GTBE concentration on 
Brake thermal efficiency 
MOORA in combination with Taguchi obtained a signal to noise ratio plot (Fig. A4.3) 
concluded fuel: KWOB, injection pressure: 220 bar and GTBE: 2.5% for optimum 
performance and emission. Percentage contribution of individual factors were determined 
through the delta value obtained in Taguchi model. Fuel, injection pressure and GTBE have 
36.46%, 42.56% and 20.96% influence on the outcome, respectively. Biodiesel with low 
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PUFA, higher MUFA and SFA demote NOx formation (Pinzi et al. 2015). Whereas, 
moderate SFA and higher oleic acid content promote brake thermal efficiency. It also 
exhibits low CFPP that boost the cold weather performance (Table 4.10). Addition of 2.5% 
GTBE also increased the oxidative stability of biodiesel as shown in Table 4.11. 
Accordingly, a dual fuel blend (KWRB: 60% KWOB and 40% RBME) was prepared to 
enhance the performance and reduce the emission of PUFA rich RBME in combination with 
MOORA optimized condition. 
4.2.4.9 Performance and emission at MOORA optimized condition 
The signal to noise ratio plot (Fig. A4.2) of BTE concludes that the test fuels have higher 
BTE up to GTBE of 5%. More or less SSRB and RBME also resulted in similar BTE at 
varying GTBE concentration. KWOB, SSRB, and RBME attained BTE more than 29.89% 
(BTE of diesel) under MOORA optimized condition. Complete combustion with maximum 
energy production were resulted for biodiesel with higher MUFA and moderate PUFA. 
Higher SFA undoubtedly results in cleaner emission (i.e., PSME). MUFA exhibits better 
BTE along with reduced NOx yield (i.e., KWOB). Hoekman and Robbins (2012) had 
concluded that the MUFA, especially oleic acid helps in reducing the emission substantially 
(Hoekman and Robbins 2012). Current results closely relate to it. 
4.2.4.9.1 BTE and BSFC of selected blends 
Brake thermal efficiency of selected fuels was given in Fig. 4.21 for better visualization of 
the impact of various GTBE concentration and injection pressure. SSRB240/5% (i.e., 
injection pressure: 240 bar and GTBE in biodiesel: 5%) displayed the highest BTE among 
all fuels at each trial condition. KWOB240/5%, SSRB220/2.5%, and KWOB220/2.5% also 
measured enriched performance under respective conditions were given and compared in 
Fig. 4.21.   
Another major performance parameter, i.e., brake specific fuel consumption (BSFC) was 
analyzed. Brake specific fuel consumption indicates the fuel consumed during the 
combustion in order to provide maximum efficiency. Fig. 4.22 depicts the variation in BSFC 
of different biodiesel-GTBE blends at respective brake power. BSFC were obtained using 
equation 4.1. Maximum BSFC of 0.278, 0.288, 0.284, 0.280, 0.299, 0.282, 0.295 kg/kWh 
was measured for diesel200/0%, KWOB220/2.5%, KWOB240/5%, SSRB220/2.5%, 
SSRB240/5%, KWRB220/2.5% and KWOB200/0%, respectively. SSRB240/5% and diesel 
displayed almost similar BSFC and better than rest of the fuel blends. However, 
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KWOB220/2.5%, KWOB240/5%, SSRB220/2.5%, KWRB220/2.5% and KWOB200/0% 
resulted higher fuel consumption than diesel instead of improved BTE.  
BSFC =
FC
BP
                                                                                                                                         (4.1) 
FC: Fuel consumption per unit time and BP: engine brake power. 
 
Fig. 4.21 Brake thermal efficiency versus brake power 
 
Fig. 4.22 Brake specific fuel consumption versus brake power 
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4.2.4.9.2 Influence of cylinder pressure 
Blends under the influence of GTBE provided reduced cylinder pressure with improved 
performance (Fig. 4.23). This cylinder pressure pattern symbolizes reduction in NOx yield 
(Anbarasu and Karthikeyan 2010). Reduced cylinder pressure with improved BTE is the 
product of GTBE additive that has reduced adiabatic flame temperature which also counters 
the NOx formation (Ayhan 2013). Fig. 4.21 also depicted the influence of GTBE additive 
on BTE is higher in case of biodiesel with higher PUFA, i.e., Increase in BTE of 
SSRB220/2.5% to SSRB240/5% is comparatively higher than KWOB220/2.5% to 
KWOB240/5%. All test fuels except PSME resulted in sufficient BTE (close to 29.89%) 
under the optimum condition. KWOB220/2.5%, PSME220/2.5%, SSRB220/2.5%, and 
RBME220/2.5% resulted 30.14%, 28.06% (Taguchi predicted: 27.33%), 29.99% (Taguchi 
predicted: 29.86%) and 29.85% (Taguchi predicted: 29.59%) of BTE, respectively. The 
blend prepared with KWOB and RBME, i.e., KWRB220/2.5% (KWRB: 60% KWOB and 
40% RBME) displayed improved BTE of 31.09 at full load condition. 
 
Fig. 4.23 Cylinder pressure versus crank angle 
4.2.4.9.3 Heat release rate  
The heat release rate for selected fuel were given in Fig. 4.24. Heat release rate graph may 
provide extended knowledge regarding the combustion duration, characteristics of the 
0
10
20
30
40
50
60
70
80
90
100
320 330 340 350 360 370 380 390 400
P
re
ss
u
re
 (
b
a
r)
Crank Angle (degree)
SSRB240/5%
KWOB240/5%
SSRB220/2.5%
Diesel
KWOB200/0%
KWOB220/2.5%
KWRB220/2.5%
 168 
 
biodiesel-additive blend and NOx formation. Biodiesel generally has a higher viscosity than 
fossil diesel. Hence, higher injection pressure applied along with GTBE addition to ease the 
ignition process. Addition of GTBE increased the HRR for all fuel operation. This elevated 
HRR is due to the instantaneous heat release of GTBE in combination with improved 
injection pressure. Among all tested fuel blends, SSRB240/5% achieved maximum HRR of 
67.10 J/0CA. The maximum heat release rates observed for Diesel, KWOB220/2.5%, 
KWOB240/5%, SSRB220/2.5%, KWRB220/2.5% and KWOB200/0% are 56.41, 64.32, 
58.90, 55.97, 61.37, and 52.43 J/0CA, respectively at full load. More sharp peaks were 
observed for all fuels with higher GTBE concentration implies its contribution towards 
better combustion. The same trend also observed with the introduction of injection pressure. 
Injection pressure up to 240 bar significantly enhanced the heat release rate and BTE. 
 
Fig. 4.24 Heat release rate versus crank angle 
4.2.4.9.4 NOx emission and smoke opacity 
Nitrogen oxide emission for current test fuels against brake power were summarized in Fig. 
4.25. KWOB220/2.5%, KWOB240/5%, SSRB220/2.5%, SSRB240/5%, KWRB220/2.5% 
and KWOB200/0% resulted 3.75 g/kWh, 4.7 g/kWh, 4.1 g/kWh, 5.23 g/kWh, 3.83 g/kWh 
and 3.98 g/kWh nitrogen oxides, respectively. Elevated NOx emission of SSRB240/5% is 
due to the higher heat release rate during combustion. Most importantly KWRB220/2.5% 
measured reduced NOx (3.83 g/kWh), which is comparatively less than SSRB240/5%, 
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SSRB220/2.5% and all RBME blends with decent BTE. About 20.24% reduction in NOx 
yield recorded for KWOB than RBME at normal injection pressure and GTBE free fuel. 
This shows the influence of fatty acid profile on emission. KWRB presented that a balanced 
blend can minimize the NOx emission (Fig. 4.25) considerably with a minor cut in brake 
thermal efficiency (Fig. 4.21).  
Smoke emission versus brake power plot was given in Fig. 4.26. The figure depicts that 
engine fueled with biodiesel has a reduced smoke emission. However, the obtained smoke 
emission for all blends are very similar. KWOB240/5% measured 39.4% less smoke yield 
than diesel. Diesel, KWOB220/2.5%, KWOB240/5%, SSRB220/2.5%, SSRB240/5%, 
KWRB220/2.5% and KWOB200/0% resulted 86.3%, 47.7%, 46.9%, 51%, 51.9%, 51.1%, 
and 50.3% smoke emission, respectively at full load. No particular trend or change in smoke 
emission were observed at modified injection pressure and with the addition of GTBE. 
 
Fig. 4.25 NOx emission versus brake power 
0
1
2
3
4
5
6
7
8
1.1 2.2 3.3 4.4
N
O
x
 (
g
/k
W
h
)
Brake Power (kW)
KWOB220/2.5% KWOB240/5% SSRB240/5%
SSRB220/2.5% KWRB220/2.5% KWOB200/0%
 170 
 
 
Fig. 4.26 Smoke opacity versus brake power 
4.2.5 Conclusion remarks 
Biodiesel rich in oleic acid and palmitic acid suppresses NOx emission with enhanced brake 
thermal efficiency. Lower PUFA content results in relatively less amount of heat loss and 
hence cleaner emission. A major conclusion from the study is that no specific fuel property 
or combustion parameter can justify the NOx emission of biodiesel. Cetane number cannot 
validate the ignition characteristics and emissions. But rather, kinematic viscosity, iodine 
value, oxidative stability are collectively important. Further detailed study regarding these 
parameters can provide more clear knowledge about their influence on engine analysis. 
GTBE as a fuel additive is economical as well as environmentally friendly as it is prepared 
from the dissociation of methyl term butyl ether, i.e., potentially dangerous to dispose of 
and banned by some countries. 
The present study also concluded the following: 
 The brake thermal efficiency of GTBE blended biodiesel is better than that of 
biodiesel without additives. At full load, the maximum brake thermal efficiency of 
GTBE blended biodiesel (SSRB240/5%) was 32.02%, whereas it was 28.95% under 
no blend condition and 200 bar injection pressure. 
 Monounsaturated fatty acid rich and unsaturated fatty acid deficit KWOB220/2.5%, 
KWOB240/5% and dual fuel blend KWRB220/2.5% achieved satisfactory BTE as 
well as reduced NOx yield.  
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 The addition of GTBE to the biodiesel has reported reduced peak pressure and 
exhaust gas temperature as compared petroleum diesel and biodiesel. 
 GTBE additive predominantly influenced the emission and performance of highly 
unsaturated biodiesel fuels than less unsaturated biodiesel and high oleic acid based 
biodiesel.  
 Overall, the emission properties were enriched due to reduced peak pressure that 
resulted due to the inclusion of GTBE in the biodiesel fuels along with enhanced 
brake thermal efficiency. 
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5 CHAPTER 5: MAJOR CONCLUSION AND 
FUTURE SCOPE 
5.1 Major Conclusion 
 Statistical model is beneficial in evaluating the effects of individual parameters on 
biodiesel production process. Parboiled rice bran ensured higher FAME yield than white 
rice bran. High accuracy (prediction error: 3.13%) of Taguchi model was verified by 
comparing the experimental outcome with the predicted value. Optimum reaction 
condition was established for rice bran methyl ester production. Pearson correlation 
signified that IV, CN, oxidative stability and kinematic viscosity are interrelated. 
 Co-solvent assisted (co-solvent: MTBE) transesterification resulted in a considerable 
2.6 times less energy consumption than conventional acid catalyzed transesterification. 
The plots established through Taguchi model not only explain the behavior but also 
assists in improving production by considering the interactive effects between individual 
levels of factors. 
 Modified microwave process for biodiesel production using a single phase blend 
prevents the initial slow rate of reaction. Reaction pressure 1.6 MPa to 3.9 MPa under 
the influence of microwave heating pattern, and MTBE as co-solvent has resulted the 
byproduct GTBE, a fuel additive. Previously studied microwave methods prefer 
moisture free sample whereas, single phase blend method can progress effectively in the 
presence of moisture up to 5%. Microwave irradiation method consumed 2.7 times lesser 
energy than the conventional heating method.  
 Introduced reactor, ultrasonic irradiation in combination with co-solvent improved the 
reaction output (95.56%) and reduced the involvement of catalyst. Hence, the product 
separation is much easier and faster than the microwave and conventional 
transesterification based FAME mixture. Ultrasonic process consumed a minimum 
0.068 kWh, 0.110 kWh and 0.125 kWh energy per liter of biodiesel production from 
raw material with free fatty acid content <3%, 3-7% and >7%, respectively. An 
economic analysis estimated a breakeven price (BEP) of 1043 $/t and 963 $/t, 
respectively for high (FFA>3%) and low FFA (FFA<3%) feedstock. Microwave 
assisted transesterification process evolved as most energy efficient method in terms of 
processing high FFA samples. 
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 SSB10 (SSB: 10% and Diesel: 90%) blend reported best performance among sewage 
sludge derived biodiesel blends. Specifically, fewer C18:2 and C18:3 percentages 
studied for worldwide SSB assures the fuel of better stability, reduced auto-oxidation, 
and fewer pollutant emissions. Moreover, SSB can blend with biodiesel derived from 
other vegetable oil feedstocks which contain higher polyunsaturated fatty acids, 
resulting in reduced CO, HC and smoke emission by lowering C18:2 and C18:3 
concentrations.   
 The byproduct GTBE produced during microwave irradiation process is found efficient 
in enhancing the biodiesel performance, and significant reduction in CO emission 
witnessed. At full load, the maximum brake thermal efficiency of GTBE blended 
biodiesel (SSRB240/5%) was 32.02%, whereas it was 28.95% under no blend condition 
and 200 bar injection pressure. Monounsaturated fatty acid rich and unsaturated fatty 
acid deficit KWOB220/2.5%, KWOB240/5% and dual fuel blend KWRB220/2.5% 
achieved satisfactory BTE as well as reduced NOx yield. GTBE additive predominantly 
influenced the emission and performance of highly unsaturated biodiesel fuels than less 
unsaturated biodiesel and high oleic acid based biodiesel.  
 Uniformity in engine performance can be achieved through biodiesel-biodiesel blend of 
certain optimum proportion with minimum variation in fatty acid structure and it can 
ease the commercialization of biodiesel. 
5.2 Future Scope 
 The waste material residues left after lipid extraction are rich source of various metals. 
Simple metal recovery techniques must be developed to ease the process. 
 Single phase blend based microwave process need to be developed for large scale 
biodiesel production. Accordingly instrument modification is required. Bare module 
cost for such system can decide the breakeven price of produced biodiesel. 
 Compatibility of glycerol tert butyl ether (GTBE) in spark ignition engine, and under 
various conditions, i.e., injection timing, biodiesel blend ratio can be examined.  
 Life cycle assessment of biodiesel produced from waste feedstocks. 
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